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The development of sensitive, low-cost and fast biomolecular detection is a key issue for 
clinical diagnosis of genetic and pathogenic diseases. This thesis presents the research that is 
focused on the design and fabrication of silica nanoparticle (NP) based fluorescent biosensors 
with the aid of conjugated polyelectrolytes (CPEs) for the detection of human-essential 
biomolecule and disease-related proteins. An overview of recent research and development 
emphasizing on biosensors, CPE and silica NP has been summarized in Chapter 1. Afterwards, 
CPE-sensitized biosensors in solution were firstly investigated in Chapter 2, which take 
advantage of collective response of CPEs upon external minor perturbation in sensing 
procedure. Label-free ATP detection was designed using DNA aptamer/ATP specific 
interaction as the recognition event and intercalator ethidium bromide (EB) as signal reporter. 
The detection limit and assay selectivity were significantly improved due to 
tetrahydrofluorene-sensitized EB emission via a fluorescence resonance energy transfer 
(FRET) process. Super-quenching property of CPE was then studied via complexation of 
cytochrome c (cyto c) and exploited to screen trypsin activity in the process of hydrolysis in 
Chapter 3. This is based on hydrolysis-induced fluorescence recovery of CPE, in that case less 
charge transfer from cyto c to CPE occurs. The initial velocity and kinetic parameters were 
also derived by measuring fluorescence recovery of CPE. The CPE-based biosensors 
demonstrate high assay performance in solution; however, solution-based biosensors can 
hardly detect analytes in biological samples due to non-specific interaction between 




problem, silica NP serves as a novel substrate to fabricate biosensors in virtue of its versatile 
surface modification, biocompatibility and target/non-target separation in mixture. In Chapter 
4, a general method is reported for silica NP synthesis, surface modification and probe 
immobilization, followed by the development of NP-based ATP detection relying on 
conformational switch of double-stranded DNA (dsDNA) to DNA aptmer/ATP complex. To 
realize silica NP-based protein detection, we design a fluoroimmunoassay for IgG with the aid 
of antibody-immobilized NPs and CPEs in Chapter 5. The integration of CPE offers 
remarkable signal amplification for enhanced immuno-sensitivity and selectivity. To further 
address real sample detection, aptamer-functionalized NPs as sensory platform has been 
employed for protein detection in Chapter 6 and Chapter 7. Thrombin detection is achieved on 
the basis of target-induced formation of sandwich structure on NPs, which provided 
sensitized-dye emission upon excitation of CPE. We also design a naked-eye lysozyme 
detection triggered by recognition-induced charge switching using negatively charged CPE as 
signal output. These NP-based detection strategies offer tremendous opportunities for 
developing next-generation biosensors. 
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CHAPTER 1  
INTRODUCTION 
 
The holistic understanding of disease-related biological molecules calls for analytical 
techniques with high detection sensitivity and selectivity. The demands are increasingly 
urgent for each human-centric area, such as biomedical diagnostics, food safety and 
environmental monitoring. In this chapter, an overview of recent research and development on 
biosensors is provided in terms of recognition event and signal transducer involved in 
biosensor fabrication. The field of chemical and biological sensing is becoming ever more 
dependent on novel materials. Conjugated polyelectrolyte (CPE) as one of the emerging 
materials offers a myriad of opportunities to sense and transform analyte-receptor interactions 
into easily measured signals. CPE-assisted biosensors are summarized according to various 
mechanism applied, such as their super-quenching property, conformational change and 
Förster resonance energy transfer (FRET). However, CPE-based homogenous assays often 
suffer from poor selectivity due to their nonspecific binding to biomolecules through 
electrostatic and hydrophobic interaction. To address this problem, silica nanoparticles (NPs) 
have attracted considerable attention in new generation biosensor in virtue of their chemical 
and physical features. The syntheses, modification method of silica NPs as well as their 
application are thus reviewed accordingly.  
1.1 Mechanism of biosensors 
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Precise and deep knowledge of biomolecular interactions is a vital issue in the field of 
life-science research and human disease treatment. Current interrogation of biorecognition 
events focuses on aptamer-target, antibody-antigen and complementary DNA-DNA specific 
interactions. At the same time, these recognition events are frequently utilized in biosensor 
due to the high binding affinity between biomolecule partners and easy modification of 
aptamer, DNA and antibody. A great variety of target molecules thus have been detected, 
including antigens, complementary DNA strands, proteins, small molecules, which are either 
disease-related or genetic important biomolecules.  
DNA-DNA hybridization. In 1953, James D. Watson and Francis Crick suggested the 
double-helical structure of deoxyribonucleic acids (DNA) via the specific order of four 
genetic units known as nucleotides, which represents the birth of molecular biology.2 Coming 
to 1990s, the human genome project,3 aiming at deciphering the full sequence of human 
genomes and making them accessible for further biological study, recalls sequence-specific 
DNA detection with increasing importance. The other branch is the detection and analysis of 
single-nucleotide polymorphism (SNP), which constitutes the largest degree of genetic 
variation in human being and may cause changes in cellular biological processes and induce 
disease.4 The fundamental knowledge and core technique is DNA-DNA hybridization, which 
is pioneered by Charles Sibley and Jon Ahlquist to examine the phylogenetic relationships of 
avians and primates.5 DNA-DNA hybridization is a process that two strands of DNA are held 
together in helical structure and stabilized by complementary base pairing among the bases, in 
which T binds only to A and C binds only to G (also known as Watson-Crick base pairs). The 
formed duplex-structure is the strongest and most specific macromolecular complexes known. 
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By selecting nucleic acid sequences that are complementary to a target sequence, nucleic acid 
probes can be designed for the detection of any gene. DNA hybridization efficiency and the 
rate of hybridization are sensitive to DNA probe, salt concentration, hybridization buffer, 
temperature and etc. Generally speaking, higher temperatures, lower salt, and the presence of 
organic solvents would lower the hybridization efficiency. The rate of hybridization is 
proportional to the square root of the length of DNA, and remarkably increases as 
hybridization temperature increases.6 
Aptamer-target interaction. Unlike the classical image of double-stranded DNA, aptamers 
are functional DNA or RNA created from in vitro selection named as ‘SELEX’ (Systematic 
evolution of ligands by exponential enrichment), which have the ability to form defined 
tertiary structures upon specific target binding (Scheme 1.2).7 Briefly, the SELEX process 
often starts with a random single-strand DNA (ssDNA) or (single strand RNA) ssRNA pool 
containing 1013-1016 molecules, and followed by an iterative circle that utilizes polymerase 
chain reaction (PCR) to specifically amplify special sequence with high binding affinity to a 
certain target. These informative DNA strands rarely attracted research interest until first 
aptamer sequence was selected and isolated to bind the fibrinogen recognition exosite of 
thrombin.8 These single-stranded nucleic acids could form well-ordered, tertiary structures to 
recognize a great variety of molecules, including metal ion, small molecules, proteins, 
biological cofactors, metabolites and even cells with high affinity and specificity.7, 9-13 
Numerous tertiary conformations of aptamers are adopted after binding to their target 
molecules, such as hairpin, G-quartet, stem-bulge, combination, pseudoknot and 
T-junctionot.14 These well-defined structures enable the interaction with almost any target, 
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making aptamers the ideal capture molecules with high affinity and specificity. In addition, 
various modifications have also been introduced either at the phosphate/ribose backbone or at 
the nucleobases, which enhance the chemical diversity of aptamer and the stability against 
nuclease.15 Owning to their simple synthesis, easy labeling and high resistance against 
denaturation, aptamers attract increasing interests as the biorecognition element in biosensors. 
More interestingly, these DNA aptamers with thermal dehybridization behavior pave the way 
for the development of reusable sensing platform.16 The prevailing labeling method is to 
modify aptamers with fluorescent moieties, which allows the sensitive detection of the 
biomolecules. These photosensitive aptamers serving as recognition elements have been 
widely employed in diverse assay, such as ELISA-like formats,17 Western-blot assays,18 
capillary electrophoresis19 and microarrays.20 It is also noteworthy that the modification may 
cause negative effect on aptamers activity, i.e. deteriorate binding affinity towards its target.  
 
Scheme 1.2 Generation of aptamers by the SELEX process. 
Antibody-antigen interaction. Antibodies are proteins at the heart of the humoral immune 
response produced by B lymphocytes. Any molecule or pathogen capable of eliciting an 
immune response is called an antigen. An antigen may be a virus, a bacterial cell wall, or an 
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individual protein or other macromolecule. The binding of an antigen to a specific antibody 
occurs between the antibody’s epitopes and the target regions on the antigen. 
Antibody-antigen interaction is tightened by the cumulative effects of many weak interactions, 
including hydrogen bolding, electrostatic bonds, Van der Waal force, and hydrophobic 
bonds.21 This results a strong affinity between antibody and antigen, characterized by Kd value 
as low as 10-10 M.19 The extraordinary binding affinity and specificity of antibodies make 
them valuable analytical reagents. Antibody-antigen recognition, similar to a lock and a key, is 
the basis of immunoassay allowing for rapid screening and quantification of an antigen in a 
sample. Currently, the most popular immunoassay is enzyme-linked immunosorbent assay 
(ELISA) firstly developed by Peter Perlmann and Anton Schuurs.22 ELISA is performed by 
immobilization of primary antibodies on the substrate (96-well polystyrene well) to capture 
target antigens. This is followed by the addition of secondary antibodies linked with enzyme 
that could catalyze a reaction to produce a colored product. ELISA has been untilized for 
serum HIV test due to high antibody-antigen binding affinity, which screens matrix 
interference and offer high assay sensitivity.23 
Enzyme-substrate reaction. Enzyme-substrate reaction is also employed in biosensor, where 
the biological element is the enzyme which reacts selectively with its substrate. A typical 
biosensor is widely used blood gluocose monitor. The biosensor principle is based on the 
conversion of D-glucose into D-gluconic acid by glucose oxidase, which produces hydrogen 
peroxide (H2O2). H2O2 is oxidized into water, generating a current which can be measured and 
correlated to the glucose concentration.24 The enzyme-substrate interaction is described by 
Michaelis-Menten kinetics in solution.25 When enzyme-substrate couples are integrated in 
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biosensor, the reaction is controlled by the rate of two simultaneous processes, i.e. neither the 
enzymatic kinetic or the diffusion of the product from the enzyme layer. Up to date, 
enzyme-based biosensors have successfully developed for organophosphorous/organochlorine 
pesticide, pesticides, derivatives of insecticides, heavy metals and glycoalkaloids.26-30 
1.1.2 Signal Transducers 
Signal transducers play extremely important role for the visualization of signal and the 
calibration of target analytes. Depending on certain biorecognition event involved, biosensors 
allow various signal outputs for the convenience of biosensor construction and the accuracy of 
the detection. For example, to transform the aptamer-binding events into physically detectable 
signals, a number of detection systems have been developed and the majority is based on 
fluorescence, electrochemical, colorimetric, or piezoelectric mechanisms.31-34 Each signal 
transducer presents advantages as well as shortages, which will be further discussed below. 
Fluorescent signal transducers. In general, several fluorescence-related parameters can be 
assessed for purposes of sensing, detecting, identifying or quantifying a target analyte, 
including fluorescence intensity, emission or excitation wavelength, fluorescence lifetime and 
anisotropy.35 Among them, measuring of change in fluorescence intensity is most dominant in 
the presence of target. This is attributed to 1) the utility of fluorescence spectroscopy, which is 
well suited for detection of low concentrations of analytes; 2) the fast fluorescence time-scale, 
allowing real-time monitoring of concentration fluctuations; 3) the commercially available 
fluorescent dyes with defined absorption and emission spectra and 4) preferably attached 
fluorescent dyes to the species of interest, providing versatile fluorophore or quencher-labeled 
DNA, proteins and small molecules. Labeling of proteins is quiet common and convenience in 
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biosciences, and millions of fluorescent immunoassays are performed world-wide every year. 
Noteworthy, the human genome project relied on fluorescent labeling of nucleic acids, 
providing a faster sequencing than any other method at present.36 Versatile selection of 
colorful fluorescent dyes further enables multi-target detection and bioimaging, which is a 
clear advantage compared to other signal output.37 However, there are several limitations by 
using fluorescent dyes. First, fluorescent dyes may falsify results due to photobleaching or 
quenching effects. Second, tagging DNA with fluorescent dyes requires additional working 
steps which may affect the chemical properties of DNA. Third, the broad emission spectra of 
fluorescent dyes can lead to crosstalk and thus decrease the sensitivity of detection. 
Fortunately, the emergence of conjugated polyelectrolytes provides an alternative method for 
fluorescent signal transduction, which a new opportunity arises for real-time, simple and 
sensitive chemical and biomolecule detection. Detailed information will be introduced in 
section 1.2. 
Electrochemical signal transducers. The first scientifically proposed and successfully 
commercialized biosensor is based on electrochemical signal to analyze blood glucose 
concentration by professor Leland C. Clark in 1962 at a New York Academy of Sciences 
symposium.38 Electrochemical biosensors have traditionally gained intensive attention in 
biosensor development, due to their simplicity, low-cost, miniaturization and sensitivity. 
Based on their operating principle, the electrochemical biosensors utilize potentiometric, 
amperometric and impedimetric transducers to convert the chemical information into a 
recordable signal.  Potentiometric devices transfer the analytical information to a potential 
signal via ion-selective electrodes (ISE) or ion-sensitive field effect transistors (ISFET).39 
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Amperometric biosensors function by applying a fixed potential and monitoring the current 
resulting from the reduction/ oxidation of an electroactive species involved in the recognition 
process.40 Impedance signals monitor the electron-transfer resistances changes between redox 
probe and the electrode associated with the biorecognition events.41 Although powerful, 
electrochemical-based biosensors have several shortages, such as the usage of 
environment-fragile enzyme, sensitive to temperature and humidity, instable to the 
compositions of the solution interference by gases and etc. 
Other signal transducers. Colorimetric-based biosensors are commonly constructed using 
polydiacetylene (PDA) or AuNPs. The main advantage of colorimetric sensing over others is 
instrumental-free and naked-eyes distinguishing. PDA presents unique blue-red color changes 
either chemically or physically upon association with lipophilic enzymes, antibacterial 
peptides, ions, antibodies, and membrane penetration enhancers.42 The secret of the 
AuNP-based colorimetric biosensor is the dispersion/aggregation stages of colloidal AuNPs, 
which render reversible red-to-purple (or purple-to-red) color transition to indicate the 
presence of target analytes, such as DNA, proteins, enzymes, metal ions and animo acids.43 
Some enzyme-assisted assays are also colorimetric, and the mostly used enzyme is horse 
radish peroxidase (HRP). Quartz crystal microbalance (QCM) based biosensors have been 
developed to monitor DNA hybridization, IgE, thrombin and HIV-1 Tat protein.44, 45 QMC 
consists of two metal electrodes with a quartz crystal in between, and monitors changes in 
frequency of the crystal due to changes in mass on the surface of the crystal upon target 
binding to probe-immobilized Au electrode. Recently, surface-enhanced Raman scattering 
(SERS) technique has been exploited more and more for biosensor, taking advantage of an 
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enhanced Raman scattering efficiency for molecules adsorbed on special metallic 
nanostructured surfaces and nanoparticles.46 SERS-based biosensors have been successfully 
analyze biological species with high sensitivity and selectivity from small biomolecules to 
DNA, proteins, and even cells.47-50 One of the most popular platform technologies for the 
SERS-based immunoassay uses gold nanospheres as SERS-active probes and largely 
absorbed 4,4′-dipyridyl as a Raman report, to detection antigen in a sandwich 
immunocomplex format on a solid substrate.51 
1.2 Conjugated Polyelectrolytes 
Conjugated polyelectrolytes (CPEs) are π-conjugated polymers with charged pedant groups 
attached to polymer chains.52 They have attracted a great amount of interest because of their 
wide applications in fabricating photonic devices as well as in the development of highly 
efficient biosensors.53, 54 The unique optical properties make CPEs promising candidate to 
open up a new area for fluorescent sensors. The following section discusses unique properties 
of CPE, the involving mechanism and recent activities in the area of CPE-based fluorescent 
sensors. 
1.2.1 Water-solubility and optical properties of CPEs 
Two outstanding features of CPEs are water solubility and optoelectronic properties, which 
provide a unique platform for numerous chemical and biological sensing. Good water 
solubility is a prerequisite for CPE-based sensor to interrogate biomolecules in physiological 
environments, which is realized via attaching ionic pedant groups onto polymer backbones. 
According to charge sign, CPEs can be simply classified into cationic conjugated polymers 
Chapter 1. Introduction 
11 
 
(CCPs) and anionic conjugated polymers (ACPs). The chemical structures of typical CPEs are 
listed in Scheme 1.3. The positively charged CPEs commonly contain quaternary ammonium 
groups, while negatively charged ones are generated by introducing carboxylate, phosphonate 
or sulfonate groups. In addition to provide water-solubility for CPEs to dissolve in 
physiological environments, these charged side groups of CPEs attract a large amount of 
biomolecules with opposite charges via electrostatic interaction in sensing processes. The 
external minor perturbations result to the change of optical properties of CPEs, which indicate 









































Scheme 1.3 Chemical structures of some typical CPEs. 
CPEs are strongly fluorescent in solution and in the solid state. Their optical properties 
are especially related to the magnitude of the band gap. For example, the use of different 
arylene units sharing the same poly(phenyleneethynylene) (PPE) backbone leads to important 
variation in the band gap, resulting in a family of CPEs that display absorption maxima 
ranging from 400 to 550 nm and fluorescence maxima ranging from 440 to 600 nm.55 CPEs 
usually exhibit a large Stokes shift, which is defined as the difference in maximum 
wavelength between absorption and emission spectra, could be beneficial to optical sensors 
due to less spectral cross-talk and positive-false signals.  
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To date, most CPEs have been used as fluorescent quenching probes to detect analytes 
of interest via electron/energy transfer mechanisms or analyte-induced polymer aggregation. 
This is based on the concept of “amplified quenching” or “superquenching”, with the fact that 
a number of fluorescent polyelectrolytes exhibit very high sensitivity to oppositely charged 
molecular quenchers anticipated to quench fluorescence by electron or energy transfer.56 
Others serve as energy donors to amplify the signal output of dye-labeled biomolecules via 
FRET. 
1.2.2 Förster resonance energy transfer 
FRET describes an energy transfer mechanism between two chromophores.57 During this 
process, a photon from an energetically excited fluorophore, the ‘‘donor,’’ raises the energy 
state of an electron in another molecule, the “acceptor”, to higher vibrational levels of the 
excited singlet state. As a result, the energy level of the donor fluorophore returns to the 
ground state, without emitting its own fluorescence; while the acceptor emission is 
predominately observed in FRET process. Optical sensitive CPEs normally act as energy 
donor in FRET-based assays, which is believed to provide the advantages of collective 
response and signal amplification compared to non-interacting fluorescent dyes. Efficient 
FRET is a prerequisite for high signal amplification and the result assay performance, which 
is determined by the donor/acceptor distance (r), the spectral overlap (J) between the donor 
emission and the acceptor absorption, and the orientation factor (κ) according to the Förster 
equation, described in equation 1.1.57 A competing mechanism to FRET is photo-induced 
charge transfer (PCT), which constitutes an energy-wasting process in FRET-based assays, 
frustrating the signal amplification extent and the overall sensitivity.58 Investigations have 
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unveiled orbital energy levels of donor-acceptor partner demonstrate a strong impact on the 
contribution of the two processes, which could be adjusted via polymer backbone tailoring for 
a given fluorophore.59 
















        (Equation 1.1) 
Significant efforts have been devoted to the improvement of FRET efficiency and signal 
amplification via optimization of various parameters shown in the Förster equation. Both 
polymer backbone structure and the side chain length haven been proved to affect the FRET 
efficiency. For instance, improved signal amplification has been demonstrated with 
shape-adaptable CPE where increased conformational freedom and improved registry with the 
analyte shape favors more efficient FRET relative to its linear counterparts.60 In addition, 
improved spectral overlap between a dual color polymer and a fluorescent dye also leads to 
improved signal amplification.61 Moreover, oligomer with spatial registry also present 
multiple transition dipole moment orientation between energy donor and acceptor for 
improved FRET efficiency. The appropriate tailor on polymer synthesis provides a powerful 
method for sensitive biomolecular detection, however, material synthesis is time-consuming, 
laborious and at high cost. The exploitation of advanced assay operation may help the signal 
amplification to some extent. In this regard, introduction of co-solvent or surfactant in the 
detection media and dilution has been proved to improve the assay output signals by taking 
advantages of simplifying assay process and lowering cost.62 
1.2.3 CPE-based DNA biosensors 
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The development of sensitive, low-cost and fast response DNA detection strategies is a key 
issue for clinical diagnosis of genetic and pathogenic diseases. Many diseases commonly 
involve DNA mutations and changes in protein or peptide expression. For instance, a SNP in 
the FGFR2 gene increases the risk for breast cancer.63 CPEs have been proven powerful signal 
transducers in DNA detection assays. It relies on electrostatic interaction between negatively 
charged DNA and positively charged CPEs, which brings them into close proximity and thus 
changes the optical properties of CPEs. One typical example is water-soluble polythiophenes 
(PT) that undergoes conformational change upon interaction with DNA.64 Cationic 
poly(3-alkoxy-4-methylthiophene) (4) shows colorimetric transition from deep violet 
(absorption maximum at ~550 nm) to bright yellow (absorption maximum at ~425 nm), due to 
the conformational change of interpolyelectrolyte complexes in the presence of ssDNA or 
dsDNA, in turn monitoring DNA hybridization event. On the other hand, polymer 
superquenching/dequenching based DNA assays have been demonstrated using anionic 
poly(phenylene ethynylene) (PPE, 5) coated polystyrene particles as a sensory platform. By 
monitoring the fluorescence change of PPEs in the absence and presence of analytes, the assay 
provides a detection limit of 500 pmol for anthrax lethal factor sequence.65 Subsequently, by 
modifying the oligonucleotide with a fluorescent dye, CPE based FRET assay has been 
developed to show fluorescence turn-on response. These assays take advantage of 
light-harvesting properties of CPEs and efficient FRET between CPE to dyes labeled on 
biological probes.66 
Among the reported homogenous assays, the FRET based assay platform for DNA 
detection has attracted significant attention during the past few years. Water-soluble 
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polyfluorenes (PFs) and derivatives serving as efficient signal amplifiers have been used in 
various DNA assays, taking advantages of their facile substitution at fluorine C9 position and 
high fluorescence quantum yield in water. The first proof-of-concept assay was demonstrated 
using cationic poly(9,9-bis(6’-N,N,N-trimethylammonium)hexylfluorenephenylene) (PFP, 1) 
in conjunction with fluorescein (Fl)-labeled probe peptide nucleotide acid (PNA) to detect 
specific DNA sequence.67 A schematic representation of the FRET-based PNA/DNA detection 
is shown in Scheme 1.4. One starts with a solution containing a cationic PFP (shown in blue) 
and a PNA strand (shown in red) tagged with Fl (C*). Hybridization of the neutral PNA to the 
complementary ssDNA (gray) target offers negatively charged double-stranded PNA/DNA, 
trigging the complex formation between PFP and PNA/DNA due to electrostatic interaction. 
This process brings the dye and the PFP into close proximity to favor energy transfer, 
resulting in an intensive fluorescent signal of Fl. In the presence of a non-complimentary 
DNA (green), hybridization does not occur and the polymer could only bind to ssDNA. Thus, 
the distance between polymer and C* remains too far for energy transfer and no Fl emission is 
observed. One could determine whether the oligonucleotide strand is complementary to the 
PNA probe by monitoring the emission of C* upon excitation of the polymer. Due to 
polymer’s large absorption cross-section, the amplified signal of Fl emission upon excitation 
of PFP at 380 nm is ~25 times higher than that upon direct excitation of Fl at its absorption 
maximum (480 nm). This assay allows the detection of target DNA with a 10 pM limit of 
detection by monitoring sensitized Fl emission upon excitation of polymer 1. 




Scheme 1.4 Working principle of DNA detection using 1 and PNA-C*. 
Apart from solution-based DNA detection, CPEs are also employed for NP-based assay 
in virtues of easy separation and washing of magnetic NPs. For example, Fan and co-workers 
reported a magnetically assisted sandwich DNA assay using DNA-attached magnetic NPs as 
the probe to capture the complementary DNA and subsequently the signaling probe, followed 
by the signal probe release after magnetic separation and signal amplification upon 
introduction of PFP.68 Our group also developed a silica NP-based DNA hybridization assay, 
providing a 10 pM detection limit of target DNA with a standard fluorometer.69 
Incorporating cationic conjugated polymers into microarrays for label free DNA 
detection has recently been reported.70, 71 Liu et al. provide an effective and feasible way for 
DNA chip development based on surface-bound PNAs and water-soluble cationic 
poly(fluorene-co-benzothiadiazole) (PFBT, 2). This method operates on surface bound PNA 
probes, which upon hybridization with complementary DNA leads to a negatively charged 
surface that absorbs positively charged cationic conjugated polymers. The detection limit is 
1010 DNA strands depending on the feasibility of excitation of PFBT at 488 nm and its high 
fluorescent signal detected with a commercial FluoroImager. Compared to traditional DNA 
chips, which usually require fluorophore or electro-label on target oligonucleotides in analyte 
preparation, CPE-based one circumvents the need of target oligonucleotides labeling. 
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1.2.4 CPE-based protein biosensors 
Protein detection and quantification are of vital importance in both basic discovery research 
and clinical diagnosis. Immunoassays are conventional methods for protein detection, which 
rely on specific antibody-antigen recognition. Commercial available EILSA kits facilitate 
antigen detection in scientific research and clinics, which requires tedious protein 
modification, specific enzyme storage and is limited by the availability of commercial 
antibodies.  
In recent years, CPEs have been widely used for homogeneous protein detection based 
on their photophysical property change upon interaction with proteins. The pinioeering work 
has been developed by Swager and co-authers in 1995, which rely on amplified quenching of 
conjugated polymer (CP).72 They developed a CP biosensor for the fluorescent detection of 
avidin. The fluorescence of CP was efficiently pre-quenched by tiny amount of biotin linked 
cationic quencher (B-MV). However, upon addition of avidin a fluorescence recovery of 
CP/B-MV complexations was observed, because of the strong affinity between biotin and 
avidin. Aside from the reported specific interaction, study of Heeger and Bazan’s veiled that 
the fluorescence of CPEs are affected by protein/CPE non-specific interaction.73 These 
materials can bind with protein through multivalent interactions. Moreover, their optical 
properties are sensitive to minor conformational or environmental changes, enabling efficient 
signal transduction of the binding events. This attracted great research interests focused on 
protein-induced CPE fluorescence quenching via electron transfer or aggregation mechanisms, 
allowing protein discrimination according to the pattern of Stern-Volmer quenching constants. 
For example, Fan has been reported direct detection of a cytochrome c (cyto c) by monitoring 
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fluorescence change arising from electron transfer of the excited CPEs (6) to Fe3+ center in 
cyto c.74 Bunz et al. further developed array-based protein sensing using six functionalized 
PPEs, which depended on distinct fluorescence response patterns of these PPEs towards 
protein discrimination.75 In addition to quencher-induced polymer fluorescence quenching via 
electron transfer, specific recognition-induced polymer aggregation could also lead to polymer 
fluorescence quenching, which is useful for protein detection. Neutral water-soluble CPs has 
been employed to detect concanavalin A (Con A) and Escherichia coli (E. Coli). For instance, 
Swager synthesized a water-soluble mannose-functionalized PPE which can specifically bind 
to E. Coli; this process cause polymer aggregation and results in red-shifted emission 
spectrum of PPE, due to π-π stacking interactions among the polymer strands.76 
Meanwhile, the conformational change of polythiophene derivatives (PTs) was also 
used to monitor and map different proteins. The minor perturbation of PT backbones could 
give rise to alternations of their electronic structures and optical properties which produce 
detectable signals in color or fluorescence change.77 Leclerc et al. have developed a polymeric 
biochip for thrombin by combining anti-thrombin DNA aptamer with a cationic PT.78 At first, 
Cy3-labeled ssDNA aptamer was attached on glass side and stoichiometric duplexes were 
formed upon mixing of cationic PT, which exhibited weak fluorescence. Upon thrombin 
binding, the negatively charged DNA aptamer transfered to folded structure, which increased 
the Cy3 signal output upon excitation of PT as compared to that in the absence of thrombin, 
taking advantages of both FRET and fluorescence chain reaction (FCR).64 
For these summarized methods, the signal transducer and reporter are based on the same 
CPE, which generally does not allow homogeneous protein detection in mixtures or in 
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biological media. Recently, CPE-based protein detection relying on FRET has been 
reported.78, 79 Wang and co-authors reported a FRET-based protein assay for strepavidin 
detection using PFP and Fl-labeled biotin as donor and acceptor, respectively.80 In the 
presence of target, the biotin moiety of F1-biotin associated with streptavidin and F1 was 
buried in the adjacent vacant binding site, preventing electrostatic attraction between Fl and 
PFP for efficient FRET and thus exhibited low Fl emission. On the contrary, the presence of 
non-specific protein did not affect FRET between PFP and Fl due to strong electrostatic 
attraction, generating high Fl emission upon excitation of PFP. This detection strategy 
circumvents the disadvantage of nonspecific interaction between CPE/target protein and 
realizes protein quantification by monitoring Fl emission. Recently, our group developed 
FRET-based homogeneous lysozyme detection in virtue of specific aptamer/protein 
recognition.79 The detection mechanism exploits target binding-induced surface charge switch, 
which facilitate energy transfer between an anionic CPE and Fl labeled anti-lysozyme aptamer. 
Aside from intramolecular energy transfer, we also exploited intermolecular energy transfer 
within multicolor CPEs (7), which from fluorene segments to 2,1,3-benzothiadiazole (BT) 
units.81 Addition of lysozyme, BSA, and cyt c to the polymer solution generated to polymer 
emission color variation from blue to yellow, green, and dark, respectively. This is due to the 
variation in hydrophobic nature, net charge, and the structure among proteins, resulting in 
different aggregation status of polymers. Most recently, logic gate DNA assay for multiple 
targets has been developed by Wang et al. to detect enzymes using a Y-shaped DNA labeled 
with three different dyes.37 The assay provides a universal strategy for simultaneous detection 
of multiplexes of nucleases; however, lack of quantification method is a weakness.  
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The main concern of CPE-based homogenous assay would be interference by biological 
media, in which vast unrelated proteins and high ionic strength are present. This normally 
raises non-specific binding issue through electronic and hydrophobic interaction, greatly 
deteriorating assay selectivity and accuracy. To address this problem, the nanoparticle 
(NPs)-assisted assay has been developed with increasing scientific interesting, offering a 
sensory platform with limited nonspecific interaction between CPE and non-targets mainly 
due to the easy separation process of NPs. 
1.3 Nanoparticle-based biosensors 
In the era of nanotechnology, the continuous progress of nanomaterials has led to tremendous 
achievements in biosensor, bio-imaging, cancer diagnosis and drug delivery. Nanoparticle 
(NP)-based biosensors have been validated as promising sensory platform mainly due to their 
highly tunable size- and shape-dependent optical, mechanical, magnetic, chemical and 
physical properties. Furthermore, NPs show unique surface chemistry, thermal/chemical 
stability, high surface-to-volume ratio and large pore volume per unit mass that help fabricate 
accurate and precise biosensors for both laboratory and point-of-care applications.  
1.3.1 Silica Nanoparticles 
Silica NPs have attracted intense research interests over the last decade in the field of 
biosensing, bioimaging, and drug delivery due to their low-cost, low cytotoxicity, and good 
biocompatibility. Pioneering work has been developed by Tan and co-authors exploiting 
dye-doped silica NPs as labeling reagents in the detection of pathogens, nucleic acids, and 
proteins.82 Dye-doped NPs produce a highly amplified optical signal compared with a single 
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dye molecule. Compared to widely used latex polymer-based NPs, silica NPs show less 
aggregation and little dye leakage. The flexible silica chemistry facilitates surface 
modification and biomolecules conjugation via versatile routes and introduction different 
types of functional groups. In addition, silica NPs present advantages such as chemical inert 
nature, good biocompatibility, easy separation, and low cost. All these properties make silica 
NPs excellent labeling reagents for bioanalysis and bioimaging.  
1.3.2 Synthesis of Silica Nanoparticles 
Nanoporous silica spherical particles can be prepared by utilizing various synthetic 
approaches, including Stöber method, those based on emulsion chemistry, using morphology 
template, and spraying.83-86 Among them, the Stöber method and microemulsion process are 
most widely used for the synthesis of silica NPs. In 1968, Stöber et al. developed a synthesis 
method of monodisperse silica NPs.83 In a typical Stöber-based protocol, a silica alkoxide 
precursor (such as tetraethyl orthosilicate, TEOS) is hydrolyzed in an ethanol/ammonium 
solution. Silicic acid is produced during hydrolysis and, when its concentration is above its 
solubility in ethanol, it nucleates homogeneously and forms amorphous silica particles. Using 
the Stöber method it is possible to achieve precise particle size and smooth spherical 
morphology of the resulting silica particles. The nanoporous silica spherical particles show 
particle size ranging from 0.06 µm to 2.3 µm with relatively narrow particle size distribution 
have been obtained so far. The particle size is variable with the change of chemical 
compositions and silica precursor.87 In addition, slight variation of ammonia and water 
percentage in the reaction mixture offers monodispersed silica spheres of different 
diameters.88 The Stöber method was also used to cover metallic particles, insulators, organic 
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dyes, and QDs with silica sells.89-92  
Other method is to hydrolyze precursor TEOS in a reverse-micelle or water-in-oil (w/o) 
microemulsion system, including three main components water, oil and surfactants.93 In a 
typical w/o microemulsion system, water droplets are stabilized by surfactant molecules and 
remain dispersed in bulk oil. The formation of fairly monodisperse silica NPs are decided by 
the nucleation and growth kinetics in water droplets of the microemulsion system. The size of 
the NP is determined by the nature of surfactant, the hydrolysis reagent, the reaction time, and 
oil/water ratio, etc.94 Compared to the Stöbe method, this method produces a higher degree of 
uniformity and well dispersed silica NPs in water. However, in most cases, it can only be used 
to incorporate inorganic dyes, some of which have lower quantum yields compared with 
organic fluorophores. 
1.3.3 Surface modification of silica nanoparticles 
Surface modification of silica NPs has two main effects. One is to generate active chemical 
group linked to the biorecognition elements, such as oligonucleotides, proteins, antibodies and 
enzymes. For silica NPs prepared by Stöber method, surface modification is usually 
performed after nanoparticle synthesis to avoid potential secondary nucleation. Surface 
modification of silica NPs produced by microemulsion can be achieved either after formation 
of particles or via direct hydrolysis and co-condensation of TEOS and other organosilanes in 
the microemulsion solution. To achieve covalent attachment of linkage molecules, the particle 
surface is first treated with the alkoxysilane reagent to produce suitable functional groups. The 
popular alkoxysilane reagents and the subsequent chemical reactions have been drawn in 
Scheme 1.5. (3-aminopropyl)-triethoxysilane (APTES), carboxyethylsilanetriol and 
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3-mercaptopropyl trimethoxysilane are employed to generate amino groups, carboxylic acid 
groups, and thiol groups on the NP surface, respectively. Amine functionality is most 
commonly untilized to tether biomolecules on silica surface. Preferred method to obtain 
exposed amine groups is APTES functionalization, which can perform at high concentrations 
under very mild conditions without affecting the particle size. The subsequent immobilization 
of NH2-modified oligonucleotides or proteins could be generated upon further treatment of 
APTES-silanized surface linker chemicals, such as cyanuric chloride, 1,4-phenylene 
diisothiocyanate, dicarboxylic acid, 4-nitrophenyl chloroformate, dialdehyde and 
hydrazones.95 Aside from direct modification through covalent binding, noncovalent 
interactions are also used to link biomolecules to NP surface. One of the most commonly 
adopted strategies is the attachment of positively charged avidin to the negatively charged NP 
surface through electrostatic interaction (Scheme 1.5).96 
The other purpose of surface modification is to increase colloid NP stability and avoid 
irreversible agglomeration, which cause nonspecific binding. These phenomena can be 
attributed to its large hydrodynamic radius (>10 nm) and large surface area. To address this 
problem, Tan et al. introduced several different functional groups, including carboxylate, 
amine, amine/phosphonate, poly(ethylene glycol), octadecyl, and carboxylate/octadecyl 
groups, and investigated the effects of these groups on NP stability.. Testing data of scanning 
electronic microscope (SEM), dynamic light scattering, and zeta potential analysis indicated 
that silica NPs modified with a combination of carboxylate and octadecyl groups could 
achieve best results to prevent agglomeration and nonspecific binding.97 




Scheme 1.5 Common bioconjugation protocols for the attachment of biomolecules onto the 
surface of silica NPs. 
1.3.4 Applications of silica nanoparticles 
Current application of silica NPs emphasizes on dye-doped silica NPs as label reagent, and 
with numerous dye molecules trapped inside, these NPs exhibit extraordinary signaling 
strength to realize sensitive bioassays. Other material encapsulated silica NPs, include Eu, 
QDs, Au and Ag, also present important applications in modern biological research and 
disease diagnosis.  
Silica nanoparticles for sensitive bioanalysis. In a conventional fluoroimmunoassay, a 
molecular recognition event has only one or a few fluorophores for signaling; however, the 
highly luminescent silica NPs containing numerous dyes can be used as a superior signaling 
element by conjugating them to an antibody. For instance, Xu et al. covalently attached 
antibodies to rhodamine B-doped silica NPs.98 The antibody-modified NPs were then 
incubated with hepatitis B surface antigens (HBsAg). After washing away the unbound NPs, 
target could be clearly detected with a detection limit of 0.1 ng/ml. The sensitivity is greatly 
improved compared to the corresponding immunoassay with direct fluorophore labeling. Tan 
et al. designed Eu-doped silica NPs using streptavidin/biotin interaction for antibody 
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binding.99 The antibody-NP complexes have been utilized in a sandwich-format time-resolved 
fluoroimmunoassay (TR-FIA) for the detection of carcinoembryonic antigens (CEA) and 
HBsAg in serum. Using a similar method, different types of targets, such as proteins, cells, 
and bacteria, have been detected by these NPs. 
Dye-doped NPs have also been used as labels in DNA hybridization analysis with 
increased sensitivity and throughput. One typical detection strategy is based on a sandwich 
assay (Scheme 1.6): Capture DNA is firstly immobilized onto a glass surface. The 
hybridization of target DNA and capture one also attracts probe DNA to assemble in a 
sandwich-formation. These probe DNAs are attached to dye-doped silica NPs and thus bring 
many dye molecules for signaling. By monitoring the fluorescent intensity of the 
surface-bound NPs, DNA target molecules can be detected with increased sensitivity (as low 
as 0.8 fM).100 This strategy could be extended to DNA and protein microarray platform to 
meet the critical demand for enhanced sensitivity. Two-color DNA microarray-based detection 
was realized using Cy3- and Cy5-doped NPs in sandwich hybridization. Target DNA could be 
detected ~1 pM, which exhibited 10-times higher sensitivity than conventional cyanine 
dyes.101 
 
Scheme 1.6 Schematic illustration of a sandwich DNA assay based on NPs.100 
Recently, aptamers are integrated to dye-doped silica NPs for the detection of leukemia 
cells taking advantage of high affinity of aptamer/target interaction. Herr et al. have modified 
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two types of silica NP with an aptamer selected toward a specific type of leukemia cells.102 
Aptamer-modified magnetic NPs were used for target cell extraction and magnetic collection, 
and other aptamer-modified Rubpy-doped silica NPs were simultaneously added for sensitive 
cell detection. The two-particle assay enabled the capture leukemia cells from the whole blood 
sample. The method has also been introduced for collection and detection of multiple cells, 
where three types of cancer cells were selectively detected using different dye-doped silica 
NPs.103 
Other important applications of silica nanoparticles. Dye-doped silica NPs has exhibited 
direct observation for instant diagnosis of pathological samples, relying on 
immunofluorescent labeling of both cancer cell surface marker and tissue sections. Several 
strategies have been explored for using NP probes to target cancer cells, and the mainly used 
methods take advantages of high affinity of antibody-antigen recognition, aptamer-target 
binding, receptor ligands- recognition peptides interaction and peptide-targeted uptake. In one 
demonstration, FITC-doped silica NPs was labeled with antihuman liver cancer monoclonal 
antibody HAb18 for liver cancer cells imaging through fluorescence microcopy.104 In another 
publication, Folic acid tagged dye-doped silica NPs have been employed to target SSC-9 
cancer cells bia laser scanning confocal images. This is due to receptor-mediated endocytosis 
process of folate-fluorescent NPs by cancer cells, which overexpress folate receptors.105 
Peptide-targeted uptake is another efficient technique for cancer cell imaging. NPs (70 nm in 
diameter) labeled with specific peptides (e.g., HIV-derived TAT peptide) was recognized and 
internalized by certain cells (e.g., rat brain tissue and human lung adenocarcinoma cells, 
A549).106 These NPs was even delivered to specific cellular compartments, such as the 
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nucleus. Aside from aforementioned interaction, aptamer-target binding has been exploited to 
construct aptamer-conjugated NPs for specific targeting and visualization of acute leukemia 
cells using fluorescence microscopy or flow cytometry.103 
Silica NPs are also perfect candidates for improved drug delivery systems. Their 
intrinsic hydrophilicity, chemical stability and biocompatibility, as well as the excellent 
protection of encapsulated molecules, make them promising alternative for other organic 
systems (e.g., micelles, liposomes and polymeric NPs). Drug molecules have been preloaded 
into silica NPs using sol-gel technology, and surface modification of the NPs with special 
acceptors enables specific cells or receptors in the body to be located. Upon arrival at the 
desired destination, control-released drug payload at a precise rate is realized by tailoring the 
internal structure of the particles for a desired diffusion (release) profile. Recent researches 
have further demonstrated that silica-based materials are excellent carriers for a variety of 
poorly soluble drugs, mainly owning to preserving amorphous form of drugs and increasing 
their wettability, which lead to enhanced dissolution kinetics.107 
Although current application of silica NPs emphasizes on dye encapsulated silica NPs as 
label reagent, and has made advances in bioimaging and biosensors, they still face chanlleges: 
1) although thousands of fluorescent molecules could be encapsulated into NP matrix, the 
potential application of NP-based biomarkers is limited due to the leakage of fluorescent 
molecules in washing steps. 2) dye-doped NPs often suffer from broad emission and small 
Stokes shift, which could result in cross-talking between excitation and emission signals; 3) 
balance is needed for particle size and fluorescent intensity, since smaller particle can hardly 
encapsulate large amount of dyes for intense signal while the bulky particle may limit 
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biorecognition events. Thus, they cannot totally substitute conventional fluorescent dyes. 
Alternative method for sensitive fluorescent detection is demanded by exploiting other signal 
amplification strategies. In that case, silica NPs could serve as sensory platform for 
concentrate probe modification and trace target capture, owning to the aforementioned 
biorecognition events and easy separation method of silica NPs.  
1.4 Research objectives and scope 
Although various biosensors have been developed to detect a variety of targets, such as 
specific DNA sequences, disease-related proteins, toxic metal ions and body-essential small 
molecules, some problems and limitations still exist in the biosensor fabrication or operation 
procedure that confine real applications in clinical and disease treatment. These problems and 
limitations are summarized below: 
• Conventional fluorescent biosensors often employ small molecular fluorophores as signal 
reporters in the fabrication process. Although these fluorescent dyes are commercially 
available, they normally suffer from low signal intensity and photo bleaching, leading to 
relatively poor sensitivity and irreproducible results. Meanwhile, lack of efficient signal 
amplification strategies remains a problem in achieving high assay detection limit. 
• The majority of current detection systems are solution-based sensory platforms; this kind 
of homogenous assay makes target/non-target separation inconvenient and thus could 
hardly distinguish analytes from biological or mixture sample. Solid-state based assay 
performed on glass slide, Au electrode and 96-well plate, could provide real sample 
detection through washing steps; however, these flat substrates with low surface areas 
decrease the reaction rate during the interface reaction and prolong assay time.  
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• ELISA remains golden standard in protein detection, which requires antibodies to be 
immobilized on the substrate to capture antigens and the secondary antibodies with 
enzyme. Despite its high sensitivity, ELISA requires tedious protein modification, 
specific storage of active enzymes, carcinogenic reagents and is constrained by the 
requirement of producing high-quality antibodies. The alternative methods with simple 
operation and high sensitivity for protein detection, especially the assays possessing 
signal amplification step are highly desirable. 
As a result, the main aim of this research work is to build silica nanoparticle (NP)-based 
fluorescent biosensors for sensitive biomolecule detection. The specific objectives of this 
research are listed below:  
• To provide fluorescent signal amplification and thus enhance assay performance, CPEs or 
conjugated oligomers are integrated into biosensor fabrication, taking advantage of the 
collective response of CPEs upon external minor perturbations. We propose two 
strategies based on FRET mechanism and superqueching properties of CPEs to explain 
how CPEs assist signal amplification and output in biosensors. Chapter 2 investigates 
the amplification capacity of a special designed cationic tetrahedralfluorene (TF) toward 
small fluorescent dye (ethidium bromide, EB) in the FRET process, where TF and EB 
serve as energy donor and energy acceptor, respectively. On this basis, a sensitive ATP 
detection assay is designed and studied using ATP-binding aptamer as recognition event 
and EB/TF as signal reporter. The detection limit and assay selectivity are compared 
between using EB alone as signal reporter and via sensitized EB emission upon excitation 
of TF. In addition to FRET-based signal amplification, the surperquenching property of 
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anionic carboxylated polyfluorene derivative (PFP-CO2Na) has been investigated upon 
complexation with cytochrome c (cyto c) in Chapter 3. The feasibility of trypsin activity 
sceening has further studied using PFP-CO2Na/cyto c as substrate relying on fluorescence 
recovery of CPE. 
• To overcome the drawbacks of solution-based assay and conventional solid-state based 
assay, silica NP is selected to establish new sensory platform. Taking advantage of 
convenient centrifugation/washing/redispersion circle, silica NP-based assays are 
considered to provide target/non-target separation for biological mixtures, which is hardly 
achieved in solution-based assay. On the other hand, silica NP-based assay performed in 
suspension allows recognition events occurred in more homogeneous environment 
compared to that of assays performed on flat surface. Silica NP’s higher 
surface-to-volume ratio relative to flat surface also accelerates probe/target binding and 
thus enhanced the assay performance. Chapter 4 describes a platform of 
aptamer-functionalized silica NPs for ATP detection. The general method for synthesis, 
surface activation and bioprobe grafting of silica NPs is developed. Afterwards, the 
sensing performance of silica NP-based platform is compared with that of solution-based 
assay and flat substrate-based assay, and the advantages of silica NP-based assay are thus 
highlighted. 
• The third objective is to design and realize sensitive protein detection using silica NPs as 
sensory platform and CPEs as signal amplifier. Preliminary studies have demonstrated 
that 1) the sensitized fluorescent dye emission upon excitation of CPEs could enhance 
assay performance in solution; 2) silica NPs are a promising candidate as substrate for 
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bioprobe immobilization, target recognition and non-target separation. Therefore, the 
high sensitivity could be guaranteed by taking advantage of characteristic 
centrifugation-redispersing circle of silica NPs and inherent signal amplification property 
of CPEs. In Chapter 5, we design a cationic conjugated polymer (PFP-2F) amplified 
NP-based fluoroimmunoassay for antigen detection and quantification, using 
immunoglobulin G (IgG) as an example. Sandwich assay format of Cy3-labeled 
secondary antibody/antigen/antibody-immobilized silica NPs is employed. The optimized 
concentrations of signaling antibody and PFP-2F are investigated depending on high 
signal-to-noise ratio and high amplification factor, respectively. The detection limit of 
IgG in the absence and presence of PFP-2F are calculated and then compared. The 
alternative strategy for protein detection in real sample is also developed based on 
aptamer-protein specific binding. Chapter 6 reports thrombin detection in serum using 
aptamer-functionalized silica NP as sensory platform via monitoring CPE-sensitized 
fluorescent signals. Firstly we exam the effect on assay performance via selection of the 
primary aptamer, optimization of the signaling aptamer, and CPE concentrations in 
sandwich assay format. The assay sensitivity and selectivity of thrombin are then 
investigated under optimized detection condition. To further simplify assay operation and 
achieve instrument-free detection, naked-eye detection of lysozyme is designed by 
employing aptamer-functionalized NPs in Chapter 7. It is hypothesized that anionic CPE 
could stain with partially positive lysozyme/aptamer-NPs due to recognition-induced 
charge switch from negative aptamer-NPs. We study the influence of aptamer surface 
density on NP towards aptamer-lysozyme binding events, and thus optimize the sensor 
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structure. Lysozyme detection is then performed using special designed CPE, of which 
the bright greenish fluorescence is sensitive to eyes. The feasibility of NP-based sensor 
for mixture samples is also studied. 
Current research provides a general strategy for silica NP synthesis, activation, probe loading, 
target recognition and non-target separation. The functionalized silica NP could serve as 
sensory platform for protein detection, especially in biological mixture for clinic diagnosis 
and treatment. Amplified fluorescence signal output with the assistance of CPEs distinguishes 
assay performance among current fluorescent biosensors. Different CPEs are chosen 
according to their optical properties for assay sensitivity, i.e. to achieve optimized signal 
amplification towards different fluorephores based on the mechanism of FRET. This would be 
ascribed to collective response and better photo-stability of CPEs as compared to that of 
traditional fluorophores.  




CHAPTER 2  
COLLECTIVE RESPONSE OF CATIONIC 
TETRAHYDROFLUORENE FOR ATP DETECTION VIA 
FRET-BASED SIGNAL AMPLIFICATION 
2.1 Introduction 
Aptamers are single-stranded DNA (ssDNA), RNA or even modified nucleic acid 
molecules that have the ability to form defined tertiary structures upon specific target 
binding.9 They have been widely used in detection of various targets, which include metal 
ions, small molecules, metabolites and proteins. The interest in aptamers as specific 
binding agents originates from its relative easy preparation by an evolutionary selection 
procedure that eliminates the need for sophisticated design of the receptor units.17 To 
transform the aptamer-binding events into physically detectable signals, a number of 
detection systems have been developed and the majority is based on fluorescence, 
electrochemical, colorimetric, or piezoelectric mechanisms.31-34 Among these methods, 
fluorescence based detection has been widely used and is continue to play an important 
role in future research because of its high sensitivity and easy operation. 
The aptamer based fluorescent methods for ATP detection generally require a 
fluorophore labeled DNA aptamer and a quencher labeled complementary DNA108 or a 
dual labeled aptamer beacon with a quencher at one end and a fluorophore at the other 
end.109, 110 These methods are operated on the target binding induced aptamer 
conformational change, which leads to distance variations between fluorophores and 
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quenchers and consequently changes in solution fluorescence. The aptamer folding 
induced fluorescence change of in situ labeling fluorophores111 or intercalation dyes112 was 
also used for ATP detection. Up to now, most of the aptamer-based ATP assays require 
labeled or modified aptamers at relatively high cost. In addition, labeled or modified 
aptamers were also reported to show weaker binding to the target as compared to that for 
unmodified aptamers.108 It is thus highly desirable to develop label-free methods for 
aptamer based detection of ATP and other targets.  
Fluorescent intercalators have been widely used in monitoring DNA hybridization. 
Intercalation dyes, such as [Ru(phen)2(dppz)]2+, TOTO or ethidium bromide (EB) have 
been demonstrated to intercalate within the internally stacked double-stranded DNA 
(dsDNA) to increase their fluorescence quantum yields.112-114 Recently, our group also 
developed a strategy to further enhance the intercalated dye emission through energy 
transfer from specially designed cationic conjugated molecules to dyes.115 Based on the 
fact that EB only selectively intercalates to dsDNA, but not to DNA quadruplex,116 the 
fluorescence change of EB along with the structural switch from the aptamer duplex to the 
aptamer/ATP complex could thus be used for ATP detection. 
In this chapter, we present a simple label-free adenosine 5’-triphosphate (ATP) 
detection method that takes advantage of the aptamer duplex to aptamer-target structural 
switch induced EB fluorescence change. A cationic tetrahedralfluorene, 
tetrakis[4-(2-(9,9,9’,9’-tetrakis(N,N,N-trimethylammoniumhexyl)-7,2’-bifluorenyl))-pheny
l] methane hexadecanebromide (TF), is also used to amplify the EB fluorescence for 
improved detection sensitivity and selectivity. This method uses unmodified aptamer 
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which avoids complicate sensor design and time-consuming oligonucleitide pretreatment. 
The general strategy could also be extended to other aptamer based detection. 
2.2 Experimental Section 
Materials. The DNA oligonucleotides were purchased from Research Biolabs or 1st Base 
(Singapore). The anti-ATP aptamer has a sequence of 
5'-TGGAAGGAGGCGTTATGAGGGGGT CCA-3'. The complementary oligonucleotide 
(DNA1) has the sequences of 5'-TGGACCCCCTCATAACGCCTCCTTCCA-3'. 
Adenosine 5’-triphosphate (ATP), adenosine 5’-diphosphate (ADP), cytosine 
5’-triphosphate (CTP), guanosine 5’-triphosphate (GTP), uridine 5’-triphosphate (UTP), 
ethidium bromide were purchased from Sigma and used as received. The cationic 
tetrahedralfluorene tetrakis [4-(2-(9,9,9’,9’-tetrakis (N,N,N-trimethylammonium 
hexyl)-7,2’-bifluorenyl))-phenyl] methane hexadecane-bromide was synthesized according 
to the literature procedure.115  
Characterization. Photoluminescence (PL) was measured using a fluorometer 
(Perkin-Elmer, LS-55, USA) equipped with a xenon lamp excitation source and a 
Hamamatsu (Japan) 928 PMT, using 90 degree angle detection for solution samples. 
Hybridization was conducted in an incubator (Eppendorf thermomixer). The target 
incubation was conducted in a water bath shaker (GFL, 1092, Germany). The melting 
temperature of dsDNA was measured using a UV-vis spectrometer (Shimadzu, UV-1700, 
Japan).  
Aptamer duplex preparation. A mixture of ATP-binding aptamer (50 μL, 100 μM) and 
DNA1 (50 μL, 100 μM) was mixed in the hybridization buffer (400 μL, 300 mM, 20 mM 
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Tris-HCl, pH = 8.3). The mixture was warmed up and kept at 90 oC for 10 mins in an 
incubator. The mixture was then slowly cooled down from 90 °C to 24 °C during 5 hours. 
A duplex stock solution of 10 μM was formed and the solution was stored at - 20 oC for 
further use. The melting temperature of the duplex was measured in 300 mM NaCl, 20 
mM Tris-HCl buffer by monitoring the absorbance change at 260 nm. 
Aptamer duplex-to-aptamer/target complex transition. 4 μL of the aptamer duplex stock 
solution was diluted with the releasing buffer (25 mM NaCl, 20 mM Tris-HCl, pH = 8.3) to 
obtain a final concentration of 20 nM aptamer duplex in a cuvette. Various amount of ATP 
(ranging from 0 to 3 mM) was added to each cuvette. The resulting mixture was incubated at 
45 oC for 10 min and then slowly cooled down to room temperature. For the selectivity study, 
2 mM NTP (ATP, CTP, GTP and UTP) or ADP was incubated with 20 nM aptamer duplexes 
under the same experimental conditions. 
EB intercalation. The aptamer duplex or aptamer ([duplex] or [aptamer] = 2×10-8 M) in 2 
mL of the release buffer was first prepared in curvettes. Aliquots of EB solution ([EB] = 
0.1 mM) were added dropwise at 1 μL intervals. Upon each addition, the solution was 
gently mixed before the fluorescence measurement. The excitation wavelength was 500 
nm for EB, and the fluorescence was collected in the range of 540-670 nm. The amount of 
EB required for maximium intercalation was studied based on the EB fluorescence 
intensity change at 600 nm. 
Fluorescence amplification with tetrahedralfluorene. Based on the optimized amount of 
EB required for intercalation, aliquots of tetrahedralfluorene (stock concentration of 2×10-5 M) 
were added dropwise into each solution at 1 μL intervals. In between each addition, the 
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solution was gently mixed before the fluorescence measurement. Upon excitation of the 
tetrahedralfluorene at 352 nm, the fluorescence spectra were collected in the range of 550-670 
nm. The amount of tetrahedralfluorene required for maximum EB emission was optimized. 
The optimized amount of tetrahedralfluorene was added in one-shot for assay applications. All 
measurements were conducted in 20 mM Tris-HCl buffer (25 mM NaCl, pH = 8.3).  
2.3 Results and Discussion 
ATP detection strategy. The general detection strategy is shown in Scheme 2.1, which 
contains a DNA aptamer (shown in purple), a complementary ssDNA (DNA1, shown in 
grey), an intercalation dye (EB, shown in orange), and a cationic tetrahedralfluorene 
(shown in blue). The target biomolecule, ATP, is shown in green. The chemical structures 
of the tetrahedralfluorene and EB and the DNA sequences are shown in Table 2.1. The 
selected 27-mer anti-ATP binding DNA aptamer was reported to show high specificity to 
ATP, but not to CTP, GTP or UTP (NTPs).108 The aptamer is first annealed with its 
complementary DNA, which is followed by incubation with NTPs. In the absence of ATP, 
the presence of other NTP does not lead to aptamer/target complex formation, and the 
aptamer duplexes remain in solution. Addition of EB and the tetrahedralfluorene results in 
sensitized EB emission with high fluorescence. When ATP is present in solution, the 
conformational change from the aptamer duplex to the aptamer/ATP complex leads to a 
decrease in the number of duplexes in solution. Addition of EB and the tetrahedralfluorene 
should thus result in low EB fluorescence. 




Scheme 2.1 Working principle of ATP detection based on an aptamer and a cationic 
tetrahedralfluorene sensitized EB emission. 
 
Table 2.1 Molecular structures of the tetrahedralfluorene and EB, and the DNA sequences. 







R R R R
4
R= (CH2)6NMe3Br  
Aptamer 5’-TGGAAGGAGGCGTTATGAGGGGGTCCA-3’ 
Complementary DNA1 5’-TGGACCCCCTCATAACGCCTCCTTCCA-3’ 
Optimization of conditions for target detection 
The intercalation of EB into the pre-annealed aptamer duplexes was first studied by varing 
the concentration of EB in the aptamer duplex solutions in 20 mM Tris-HCl buffer (pH = 
8.3). Figure 2.1 shows how the intensity of EB at 605 nm changes for solutions containing 
the aptamer duplex or the aptamer upon addition of EB. The fluorescence for the same 
anount of free EB in buffer is also shown for comparison. At the low EB concentration 
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range (< 0.5 μM), the rate for EB intensity increase is the largest for the aptamer/duplex, 
which is followed by the aptamer and free EB. At [EB] > 0.5 μM, the rate for EB intensity 
increase is almost the same for all three solutions, indicative of EB saturation. At [EB] = 
0.5 μM, upon excitation of EB at 500 nm, the EB fluorescence intensity in the presence of 
the aptamer duplexes (35 a.u.) is about 3.5-fold higher than that in the absence of the 
aptamer duplexes. Due to the large excess of EB in solution, the intensity contribution 
from intercalated EB is thus close to 25 a.u.. 
 
Figure 2.1 EB emission intensities for solutions containing the aptamer duplex, the aptamer or 
pure buffer as a function of [EB] upon excitation at 500 nm. [aptamer duplex] = [aptamer] = 
20 nM, 20 mM Tris-HCl buffer, pH = 8.3. 
With the optimized amount of EB (0.5 μM) in the aptamer duplex solution ([aptamer 
duplex] = 2×10-8 M), tetrahedralfluorene was added to sensitize the EB emission. Figure 
2.2 shows the EB intensity as a function of [tetrahedralfluorene]. The sensitized EB 
intensity increased immediately upon addition of the tetrahedralfluorene, and the 
maximum intensity occurred at [tetrahedralfluorene] = 0.1 μM. Further addition of the 
tetrahedralfluorene resulted in a tendency of FRET signal decease due to dissociation of 
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EB from the aptamer duplex/EB complexes.115, 117 As a consequence, ATP detection 
experiments were conducted at [tetrahedralfluorene] = 0.1 μM. As shown in Figure 2.3, 
upon excitation of the tetrahedralfluorene at 352 nm, the sensitized EB emission (950 a.u., 
normalized by subtracting emission of donor) is approximately 28-fold greater than that 
upon direct excitation of EB (35 a.u.) at 500 nm in the absence of the tetrahedralfluorene, 
indicative of signal amplification provided by the tetrahedral molecule. On the other hand, 
the tetrahedralfluorene does not provide significant signal amplification (< 1-fold) for 
solutions containing the same amount of free EB or EB in the presence of 20 nM aptamer 
and 2 mM ATP. This indicates that the tetrahedralfluorene only selectively enhances the 
intercalated EB emission. The net effect is that the tetrahedralfluorene provides nearly 
40-fold signal amplification for intercalated EB. The photo-stability of EB emission in the 
absence and presence of the tetrahedralfluorene is also studied. Using a standard 
fluorometer, there is no fluorescence fluctuation observed within 10 min, indicating that 
the EB signal upon excitation of EB or tetrahedralfluorene is stable. 
 
Figure 2.2 The intensity of EB emission at 605 nm for EB/aptamer duplex/tetrahedralfluorene 
as a function of the tetrahedralfluorene concentration upon excitation at 352 nm. [aptamer 
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duplex] = 20 nM, [EB] = 0.5 μM, 20 mM Tris-HCl buffer, pH = 8.3. 
 
Figure 2.3 The EB emission spectra for EB/tetrahedralfluorene (triangles), EB/aptamer 
duplex/tetrahedralfluorene (circles) and EB/aptamer+ATP /tetrahedralfluorene (squares) upon 
excitation of the tetrahedralfluorene at 352 nm. Inset shows the enlarged EB emission spectra 
for EB/tetrahedralfluorene and EB/aptamer+ATP/tetrahedral- fluorene. [aptamer duplex] = 
[aptamer] = 20 nM, [ATP] = 2 µM, [EB] = 0.5 µM, [tetrahedralfluorene] = 0.1µM, 20 mM 
Tris-HCl buffer (pH = 8.3). TF stands for tetrahedralfluorene. 
EB based label free ATP detection. The operation of Scheme 2.1 for ATP detection was 
then examined in the absence and presence of the tetrahedralfluorene. In these experiments, 
20 nM pre-annealed aptamer duplexes in 20 mM Tris-HCl buffer (melting point = 75 oC) 
were first incubated with 2 mM NTP each at 45 oC for 10 minutes. After cooling down to 
room temperature, 0.5 μM EB was added, and the solution was used for fluorescence 
measurement. Due to the excess of EB in solution, there is almost no difference in EB 
fluorescence intensity when the solution was measured immediately or after incubation for 
ten minutes. As shown in Figure 2.4, in the absence of the tetrahedralfluorene, the 
presence of 2 mM ATP in solution causes ∼15% decrease (6 a.u. decrease in signal) in EB 
emission intensity using that for EB/aptamer duplexes in the absence of NTPs as a 
reference. The percentage of decease in EB emission intensity in the presence of different 
NTPs is also shown in Figure 4. The signal decrease for ATP is about 4 to 5-fold higher 
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than that for other NTPs. Although the ATP induced fluorescence decrease is not very 
large, these data indicate that the EB based assay could be used to differentiate ATP from 
other NTPs in solution. When the same experiment was done with ADP (the same 
concentration as ATP), a signal decrease of ∼8% was observed, which indicated that the 
aptamer based strategy could differentiate ATP and ADP, but with less selectivity as 
compared to that for other NTPs. Similar results have been observed for other aptamer 
based ATP detection.118 
 
Figure 2.4 The EB emission signal decrease for solutions containing EB/aptamer duplex+NTP 
upon excitation of EB at 500 nm. EB emission from EB/aptamer duplex in the absence of 
NTP is set as 100%. Each data point represents the average value of five independent 
experiments with error bars indicated. [aptamer duplex] = 20 nM, [NTP] = 2 mM, [EB] = 0.5 
μM, [tetrahedralfluorene] = 0.1 μM. 
Tetrahedralfluorene sensitized ATP detection. Upon addition of the tetrahedralfluorene 
(0.1 μM) to solutions containing 0.5 μM EB in aptamer duplexes (20 nM) with or without 
incubation with NTPs (2 mM), the difference in EB fluorescence could be easily used to 
identify ATP. As shown in Figure 5, using the tetrahedralfluorene sensitized EB emission 
from solutions containing EB and aptamer duplexes in the absence of NTPs (950 a.u.) as 
the reference, the presence of 2 mM ATP in solution causes a signal decrease of 30% 
(~300 a.u.). Under similar conditions, the presence of GTP, UTP and CTP in solutions 
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does not lead to significant fluorescence changes (shown in Figure 2.5). This result 
indicates that the presence of NTPs in solution does not affect the energy transfer between 
the tetrahedralfluorene and the intercalated EB. The increase in the fraction of signal 
decrease for ATP in the presence of the tetrahdralfluorene (30% vs. 15% in the absence of 
tetrahedralfluorene) is thus due to the reduced contribution of free EB emission to the 
overall EB fluorescence in solution. When one compares the detection in the presence and 
absence of the tetrahedralfluorene, there is more than 40-fold increase in the detection 
signal change (from ∼6 a.u. to 300 a.u.) for ATP. The large range of signal change in the 
presence of the tetrahedralfluorene should thus greatly improve the detection sensitivity 
and reduce the detection errors, as compared to assays based on EB alone as the signal 
reporter.2d 
 
Figure 2.5 The EB emission intensity decrease ratio for solutions containing EB/aptamer 
duplex+NTP in the prescence of the tetrahedralfluorene (excited at 352 nm). EB emission 
from EB/aptamer duplex/tetrahedralfluorene in the absence of NTP is set as 100%. Each data 
point represents the average value of three independent experiments with error bars indicated. 
[aptamer duplex] = 20 nM, [NTP] = 2 mM, [EB] = 0.5 μM, [tetrahedralfluorene] = 0.1 μM. 
ATP detection sensitivity. To obtain detection sensitivity of the assay, 20 nM pre-annealed 
aptamer duplexes were treated with different amount of ATP (ranged from 0 to 3 mM in 
solution), which was followed by addition of 0.5 μM EB and 0.1 μM tetrahedralfluorene. 
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Figure 2.6a shows the tetrahedralfluorene sensitized EB fluorescence change for EB and 
aptamer duplexes upon incubation with different amount of ATP relative to that in the 
absence of ATP. A linear curve is obtained at [ATP] between 0 and 2 mM, which is 
followed by saturation at [ATP] > 2 mM. The detection limit is estimated from Equation 
2.1 by five independent measurements.24  
 
where S0 is the standard deviation of the background (here background refers to 
EB/aptamer duplex/tetrahedralfluorene) and S is the sensitivity. The detection limit of the 
ATP is calculated to be ∼20 μM, which is comparable or better than most fluorescent 
assays that require multiple labels.108, 111, 119-121 The large range for signal changes in the 
presence of the tetrahedralfluorene provides the opportunity to minimize the experimental 
error and allows the signal change to be more sensitive. The detection limit in the presence 
of the tetrahedralfluorene is nearly 10-fold larger than that in the absence of the 
tetrahedralfluorene (∼200 μM based on calculation from Figure 2.6b). The increase in 
detection limit is less than 40-fold (the signal amplification factor), which is due to the 
increased standard deviration in the presence of the tetrahedralfluorene. The introduction 
of the tetrahedralfluorene thus improves both sensitivity and selectivity for EB based ATP 
detection. 
S
SLOD 03×=                                                         (Equation 2.1)




Figure 2.6 The EB fluorescence change for EB and aptamer duplexes in the presence (a) and 
absence of the tetrahedralfluorene (b) upon incubation with different amount of ATP relative 
to that in the absence of ATP. Inset shows the enlarged curve in the ATP concentration range 
of 0 to 0.3 mM. Each data point represents the average value of five independent experiments 
with error bars indicated. [aptamer duplex] = 20 nM, [EB] = 0.5 μM, [tetrahedralfluorene] = 
0.1 μM, 20 mM Tris-HCl buffer (pH = 8.3). 
The strategy of using aptamer duplex to aptamper target complex transition for ATP detection 
was expected to reduce the affinity of aptamer to its target. The hybridized complementary 
sequence to aptamer could reduce or even block the intercation between the aptamer and 
target.8 As shown in Figure 2.6, the FRET-based ATP detection has an apparent dissociate 
constant (Kd) close to 1 mM, at which concentration the target induced half-maximal 
fluorescence intensity change. This value is nearly 100-fold larger than the Kd deviated from 
the original ATP-binding aptamer measured in vitro selection (~10 μM).20 The large Kd 
observed in our system is similar to those reported in the literature where appending 
fluorophore or quencher to aptamers or using DNA probes to partically block the binding site 
of aptamers could yield a large Kd. 108, 111, 120 
2.4 Conclusion 
In conclusion, we developed a simple aptamer-based method for ATP detection by 
taking advantage of the aptamer duplex to aptamer/target complex structural switch 
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induced fluorescence change of intercalated EB emission. By using a cationic 
tetrahedrafluorene as the energy donor, a 10-fold increase in detection limit and a 2-fold 
increase in detection selectivity was demonstrated as compared to that using EB alone as 
the signal reporter. The detection limit of the assay was estimated to be ∼20 μM, which is 
comparable or better than most fluorescent assays with multiple labels. This sensor 
strategy eliminates the needs to label or modify the sensor probes, which greatly reduces 
the cost and complexity. The detection strategy could also be generalized to detect other 
targets with specific aptamers. 




CHAPTER 3  
QUENCHING/DEQUENCHING OPTICAL PROPERTY OF 
CPE AND ITS APPLICATION IN TRYPSIN ACTIVITY 
SCREENING 
3.1 Introduction 
Enzyme detection and their activity study is of high importance for the screening of pathologies 
and for the development of efficient therapeutics, due to their involvement in a variety of 
biochemical processes.122 Traditional methods for enzyme activity study include capillary 
isoelectric focusing, gel electrophoresis, high-performance liquid chromatography (HPLC) 
and ELISA.123-126 These methods require fluorescent labels, sophisticated instrumentations 
and specific synthesis of peptides, which are time-consuming and are of high cost. To address 
these problems, fluorescence-based enzymatic assays have been developed to monitor enzyme 
activities by taking advantage of the intrinsic fluorescent signal change of CPEs upon 
interaction with different substrates and enzyme digested products.24-34 One strategy relies on 
fluorescence quenching of CPEs upon complexation or covalent binding with 
quencher-labeled peptide and the subsequent fluorescence increase upon enzymatic hydrolysis 
of the peptide.127-129 In addition, the fluorescence quenching of CPE by small molecules (e.g. 
Cu2+) has also been utilized to monitor the alkaline phosphatase and adenylate kinease 
activity.130, 131 The other strategy involves enzyme digestion-triggered changes in FRET 
between CPEs and organic dyes.37, 132-134 Recently, multiplex assays for both nuclease and 
protease activity study using synthetic peptide/DNA complex or DNA logic circuits as the 
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substrate have also been demonstarted.37, 132 The currently available CPE-based enzymatic 
assays generally involve either modification of the substrate with fluorescent dye/quencher or 
pre-modification of CPE structures, which require multiple-step operations and the substrate 
modification may also lead to different kinetic factors and binding constants as compared to 
that for the nature substrate.135, 136 So far, very few CPEs based enzymatic assays involve 
natural substrates. 
On the other hand, CPEs have also been reported to interact with proteins to form 
CPE-protein complexes driven by both Coulomb and/or hydrophobic interactions.67, 137, 138 
Previous studies have shown that various proteins can quench the fluorescence of CPEs to 
different degree depending on both the charge states and electron transfer character of 
proteins.74 The quenching efficiency of CPEs in the presence of different proteins is reflected by 
the difference in Stern-Volmer quenching constants (Ksv). In general, a higher Ksv value 
indicates a more efficient fluorescent quenching process. The quenching mechanism could be 
due to energy transfer or charge transfer between CPE and proteins or complexation induced 
CPE aggregation or the combination of these effects.41 The fluorescence change of CPE upon 
protein binding has been widely used for protein detection and quantification.75, 137, 139, 140 
Cyto c is a well-known electron transfer protein due to its heme moiety that significantly 
quenches the fluorescence of many CPEs.74 Cyto c has also been reported to be digested into 
fragments by trypsin, and the metal-containing heme peptide fragment has an isoelectric point 
(pI) of 7.0, which is significantly lower than that for Cyto c (pI = 10.2).141 These properties 
offer us an opportunity to develop a fluorescence turn-on assay for trypsin activity study. 
Trypsin is the most important digestive enzyme produced by the pancreas, which promotes 
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other pancreatic proenzymes to their active forms, and controls pancreatic exocrine 
function.142 A deficiency in trypsin level or a mutated trypsin can cause pancreatic diseases 
such as meconium ileus and hereditary pancreatitis.143, 144 In addition, the foot-and-mouth 
disease virus has been found to be greatly reduced by trypsin treatment.145 Therefore, the 
ability to quantitatively monitor trypsin catalytic activity and its inhibitor is important for 
therapeutics of both pancreatic diseases and epidemic diseases. 
In this chapter, we first study the optical properties of a carboxylated 
poly(fluorene-co-phenylene) (PFP-CO2Na) and its fluorescence response to cyto c. A 
continuous and sensitive “turn-on” enzymatic assay using the complex of PFP-CO2Na and 
cyto c as the substrate is subsequently developed. The concept of ‘turn-on” assay is based on 
the quenching and de-quenching of PFP-CO2Na by cyto c in the absence and presence of 
trypsin, respectively. At last, the effect of inhibitor on trypsin activities is studied and the 
initial reaction rates and kinetic parameters are derived. Our method has several important 
features. First, no label is required on the substrate. This would not only reduce the cost, but 
also provide assay accuracy since labeling on substrate may lead to low catalytic turnover of 
enzymes with reduced reaction rates.135, 136 Second, a natural substrate cyto c is employed, 
which has specific response to enzymes. Third, this method provides real-time readout for 
enzyme activity study. At last, the fluorescence turn-on assay reduces the likelihood of false 
positive signal but also enhances the detection sensitivity as compared to that for turn-off 
assays. 
3.2 Experimental Section 
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Materials. Cytochrome c (cyto c), trypsin, thrombin and lysozyme were ordered from Sigma. 
Alkaline phosphatase (ALP) was ordered from Promege. 10× PBS buffer (pH = 7.4, 1st 
BASE) was a commercial product and was used as received without further purification. 
Sodium poly[9,9'-bis(3"-propanoate)fluorenene-co-phenylene] (PFP-CO2Na) were 
synthesized by group colleague. 
Instrumentation. UV-Vis absorption spectra were collected with a Shimadzu UV-2401 
recording spectrophotometer. Fluorescence was measured with thermo-control using a Perkin 
Elmer LS-55 equipped with a xenon lamp excitation source and a Hamamatsu (Japan) 928 
PMT, using 90 degree angle detection for solution samples. Fluorescence quantum yields 
were measured with quinine sulfate in 0.1 M H2SO4 solutions as a reference. Matrix-assisted 
laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) 
measurements were obtained using Bruker Daltonics Autoflex TOF/TOF. 
Fluorescence Quenching. The quenching experiments were performed upon successive 
addition of cyto c to a solution of PFP-CO2Na (1 μM based on repeat units) in 20 mM PBS 
buffer with pH 8.9 at 37 oC. The fluorescence spectra were recorded at various cyto c 
concentrations under 380 nm excitation. PL0/PL was used for Ksv plot, where PL0 is the initial 
fluorescence intensity of PFP-CO2Na and PL is the quenched fluorescence intensity of 
PFP-CO2Na upon addition of cyto c. 
Trypsin Activity Assay. 0, 5, 10, 20, 30 and 40 nM trypsin were first added into the cuvettes 
containing PFP-CO2Na (1 μM) and cyto c (200 nM), respectively, in 20 mM PBS buffer at pH 
= 8.9. The mixtures were then incubated at 37 oC for 30 min. The fluorescence spectra of the 
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mixtures were measured at 60s intervals under excitation at 380 nm. The emission spectra and 
the fluorescence intensity at 415 nm were recorded. 
Trypsin Inhibition Experiment. Trypsin (30 nM) and benzamidine hydrochloride with 
varying concentrations (0-100 nM) were pre-incubated at 25 oC for 30 min. The mixtures 
were added into the solution of PFP-CO2Na (1 μM) and cyto c (200 nM) in 20 mM PBS 
buffer pH 8.9, respectively. After incubation at 37 oC, the solution fluorescence spectra were 
measured at 60s intervals under 380 nm excitation. The emission spectra and the fluorescence 
intensity at 415 nm were recorded. 
3.3 Results and Discussion 
Optical Properties of PFP-COONa. The UV-Vis and photoluminescence spectra of 
PFP-CO2Na in water (pH = 6) and in PBS buffer (20 mM, pH = 8.9) are shown in Figure 3.1. 
The PL quantum yields of PFP-CO2Na in water (pH = 6) and in 20 mM PBS buffer (pH = 8.9) 
are 0.21 and 0.59, respectively, measured using quinine sulfate in 0.1 M H2SO4 (quantum 
yield = 0.55) as reference. The polymer has an absorption maximum of 380 nm in water and 
376 nm in buffer. In water, PFP-CO2Na emits blue fluorescence with a main peak at 434 nm 
and a shoulder at 455 nm. Increasing pH to 8.9 leads to a blue-shift in emission maximum to 
414 nm, which is similar to that of poly(fluorene-co-1,4-phenylene) in organic solvents.146 
This clearly indicates the good solubility of PFP-CO2Na in buffer. 
The pH dependent optical behavior of PFP-CO2Na is believed to be associated with 
protonation and deprotonation of the -CO2Na group in polymer side chain. The pKa value of 
PFP-CO2Na was estimated to be around 4 to 6 (pKa values for heptane diacid are pKa1 = 4.48 
and pKa2 = 5.42, respectively) due to the similarity between heptane diacid and the side chains 
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of PFP-CO2Na.147 In water, some terminal groups of polymer side chains could exist as 
-COOH.137 In PBS buffer solution (pH = 8.9), negatively charged polymer side chains became 
dominant in polymer solution. The repulsion between these negatively charged side chains led 
to minimum polymer aggregation and a high quantum yield of 0.59.  
 
Figure 3. 1 The normalized absorption and photoluminescence spectra of PFP-CO2Na in 
water (pH = 6) and in buffer solution (20 mM PBS, pH = 8.9) 
Fluorescence Quenching. The fluorescence quenching of PFP-CO2Na was studied in PBS 
buffer (pH = 8.9). This pH is selected to ensure cyto c is positively charged while the peptide 
fragment containing heme moiety is negatively charged (pI = 7.0). As shown in Figure 3.2, 
addition of cyto c (0-200 nM) to 1 μM PFP-CO2Na in PBS buffer quenches the polymer 
fluorescence, and the extent of quenching increases with increased cyto c concentration. The 
corresponding Stern-Volmer plot (PL0/PL vs. [cyto c]) is shown in the inset of Figure 2.8. The 
plot is almost linear in low cyto c concentration range, and the Stern-Volmer constant (Ksv) 
derived from the linear region is calculated to be ~1.32 × 107 M-1.  
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Figure 3. 2 PL quenching curve of PFP-CO2Na (1 μM) by cyto c in 20 mM PBS with 
excitation at 380 nm in PBS buffer (pH = 8.9). Inset: The S-V curve of PFP-CO2Na quenched 
by cyto c with error bar indicated. PL0 is the initial fluorescence intensity of PFP-CO2Na, and 
PL is the quenched fluorescence intensity of PFP-CO2Na with certain cyto c concentration. 
Overview of the fluorescence turn-on assay. The illustration of trypsin turn-on assay is 
shown in Scheme 3.1. PFP-CO2Na emits strong blue fluorescence in solution at pH = 8.9. 
Upon addition of cyto c, PFP-CO2Na/cyto c complexes formed simultaneously due to 
electrostatic attraction. This leads to quenched fluorescence of PFP-CO2Na. Introduction of 
trypsin to the polymer-protein complex induces hydrolysis of cyto c. Trypsin catalyzes the 
hydrolysis of peptide bonds by the C side of lysine or arginine in proteins to give more than 
15 fragments.44 The digestion converts positively charged cyto c to negatively charged heme 
containing fragment at pH = 8.9, which disturbs the complexation of PFP-CO2Na/heme center 
due to electrostatic repulsion between the fragments and the polymer. As a consequence, after 
cleaving cyto c by trypsin, the pre-quenched PFP-CO2Na/cyto c could regain blue 
fluorescence. A fluorescence “turn-on” trypsin assay could thus be realized by naked eye 
using PFP-CO2Na/cyto c complex as the substrate. By measuring the change of PFP-CO2Na 
emission intensity, it also allows kinetic investigation and inhibition study of trypsin. 




Scheme 3. 1 Schematic illustration of fluorescence “turn-on” assay for trypsin screening. 
Assay for Trypsin Activity Study. The trypsin catalyzed hydrolysis of cyto c was monitored 
in the presence of PFP-CO2Na. The full sequence of cyto c, the possible hydrolysis point by 
trypsin and the corresponding pI of the digested fragments are provided in Table 3.1.141, 148 
After full cleavage, the fragment with heme complex should be left in the form of 
Cys-Ala-Gln-Cys-His-Thr-Val-Glu-Lys-heme, which has net negative charges at pH 8.9. We 
thus expect much less efficient electron transfer after cleavage since both the polymer and the 
heme containing fragment are negatively charged. Figure 3.3 shows the typical change in 
fluorescence spectra for a trypsin digestion assay carried out at 37 oC. Upon addition of 200 
nM cyto c to 1 μM PFP-CO2Na, the solution fluorescence (1 μM) is significantly quenched to 
10% of the original intensity. Further addition of 30 nM trypsin to this solution followed by 
15 min incubation, the pre-quenched polymer fluorescence is recovered up to 60% of the 
original intensity (Figure 3.3a). Meanwhile, a series of experiments were performed under the 
same conditions using control enzymes such as lysozyme, alkaline phosphatase (ALP) and 
thrombin. As shown in Figure 3.3b, none of these enzymes can recover the quenched 
fluorescence of PFP-CO2Na. These observations confirm that the fluorescence recovery of 
PFP-CO2Na is generated from trypsin catalyzed hydrolysis of cyto c, which exhibits high 
selectivity of trypsin turn-on assay with PFP-CO2Na/cyto c complex as the substrate in 
artificial buffer solution. 
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Table 3. 1 The full sequence of cytochrome c and the digestion point, fragment sequence by 





Peptide sequence Masses of [M+H]+ (Da) Iso-electric point (pI)
CAQCHTVEK-heme 1635.1 7.0 
EETLMEYLENPK 1495.7 3.8 
TGQAPGFTYTDANK 1470.7 6.7 
TGPNLHGLFGR 1168.6 11.0 
CAQCHTVEK 1018.4 7.0 
EDLIAYLK 964.5 4.1 
MIFAGIK 779.4 10.1 
YIPGTK 678.4 9.7 
IFVQK 634.4 10.1 
GITWK 604.3 10.1 
GDVEK 547.3 4.1 
ATNE 434.2 3.3 
TER 405.2 7.0 
HK 284.2 10.1 
NK 261.2 10.1 
GGK 261.2 10.1 
GK 204.1 10.1 
K 147.1 10.1 
 
 
Figure 3. 3 (a) PL spectra of 1 μM PFP-CO2Na (blue, 1), upon addition of 200 nM cyto c (red, 
2) and after 15 min of incubation with 30 nM trypsin (green, 3). Inset: Photographs were 
taken upon UV lamp excitation at 365 nm. (b) Changes in fluorescence intensity at 415 nm 
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after 15 min incubation of PFP-CO2Na/cyto c with 40 nM lysozyme, 40 nM thrombin, or 
1unit/mL ALP. 20 mM PBS buffer (pH = 8.9) at 37 °C, λex = 380 nm. 
To further understand the cleavage of cyto c by trypsin, MALDI-TOF-MS was used to 
identify the peptide fragments. Figure 3.4 highlights the MALDI mass spectra (mass range 
from 800 to 1800 Dalton) of cyto c (1 × 10-3 M) after being digested by trypsin in 20 mM PBS 
buffer with pH 8.9. The full MALDI mass spectrum (mass range from 280 to 1800) is shown 
in Figure 3.4. The fragment bearing the heme-peptide complex was detected with a molecular 
mass of 1634.95 Dalton, which is in good agreement with the expected molecular mass 
(1635.1 Dalton) of the heme-peptide complex. The peak at 1168.97 Dalton is ascribed to the 
fragment of TGPNLHGLFGR with pI =11.0. As shown in Figure 3.4, the major fragments 
have molecular mass between 280 and 400, which could only slightly affect the fluorescence 
of PFP-CO2Na. The peaks in the MALDI mass spectrum of cyto c after digestion strongly 
support the observed fluorescence recovery (turn-on) of the PFP-CO2Na/cyto c complex 
substrate as discussed above. 
















Figure 3. 4 MALDI mass spectra of tryptic peptides originated from cyto c digested with 
trypsin under 37 oC in 20 mM PBS buffer with pH 8.9. 
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Determination of Trypsin Catalyzed Cyto c Hydrolysis Kinetic Parameters. To 
demonstrate the feasibility of using PFP-CO2Na/cyto c substrate for real-time trypsin activity 
study, the trypsin-catalyzed hydrolysis of cyto c as a function of time upon incubation of 
PFP-CO2Na/cyto c with several different trypsin concentrations (0-40 nM) was investigated. 
These experiments were conducted in 20 mM PBS buffer (pH 8.9) at 37 oC containing 1 μM 
PFP-CO2Na and 200 nM cyto c. Figure 3.5a illustrates the increase of PFP-CO2Na 
fluorescence intensity at 415 nm with increased incubation time at each trypsin concentration, 
where the fluorescence intensity was measured every 60s. It is observed that the fluorescence 
recovers more quickly and more completely in the presence of high trypsin concentrations, 
which is further demonstrated by the initial rate of trypsin-catalyzed reaction (v0). The 
Stern-Volmer plot shown in the inset of Figure 3.2 affords the calibration curve for 
calculating the substrate concentration [cyto c] remained in solution at any specific digestion 
time by measuring the PL/PL0. The plot of [cyto c] vs. time is shown in Figure 3.5b in the 
Supporting Information. The slopes of the plots at early time were calculated to afford v0 for 
the six different concentrations of trypsin investigated, which was then plotted against [trypsin] 
(Figure 3.6). The linear relationship between enzyme concentration and initial rate indicates 
that trypsin-catalyzed hydrolysis reaction is kinetic control using PFP-CO2Na/cyto c complex 
as the substrate.  




Figure 3. 5 (a) Fluorescence intensity changes of PFP-CO2Na (1 μM) and cyto c (200 nM) 
complex at 415 nm in 20 mM PBS buffer (pH 8.9) at 37 oC against time after addition of 
trypsin (0, 5, 10, 20, 30 and 40 nM), λex = 380 nm. (b) The changes in [cyto c] with time for 
trypsin turn-on assay at different trypsin concentration. 


















Figure 3. 6 The relationship between the initial rate of trypsin-catalyzed hydrolysis reaction 
(v0) and trypsin concentration with error bar indicated. PFP-CO2Na (1 μM) and cyto c (200 
nM) complex incubated with various trypsin concentration in 20 mM PBS buffer (pH 8.9) at 
37 oC. 
The feasibility of polymer-based trypsin turn-on assay is then investigated via 
Michaelis-Menten analysis.21 The natural logarithm of [cyto c] as a function of incubation 
time is shown in Figure 3.7a by converting Y axis of Figure 3.5b to logarithm. Similarly, the 
slopes of the plots at early time are calculated for each trypsin concentration, which is defined 
as kinetic parameter (Vmax/Km) on the basis of the method reported by Schanze.130 Figure 3.7b 
exhibits a linear relationship between the kinetic parameter and trypsin concentration, and the 
slope is defined as the specificity constant (kcat/Km), which is calculated to be 5350 M-1 s-1. 
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This constant is reasonable since it is within the range of 3500-62000 M-1 s-1 reported for 
tryptic hydrolysis of various peptides.149-151 These results demonstrate that it is possible to 
monitor trypsin in real-time and calculate enzyme kinetic parameters based on the 
fluorescence change of PFP-CO2Na using PFP-CO2Na/cyto c complex as the substrate.  
 
Figure 3. 7 (a) Natural logarithm of [cyto c] as a function of digestion time for different 
trypsin concentration. (b) The kinetic parameters (Vmax/Km) as a function of trypsin with error 
bar indicated concentration. PFP-CO2Na (1 μM) and cyto c (200 nM) complex incubated with 
various trypsin concentration in 20 mM PBS buffer (pH 8.9) at 37 oC. 
Inhibition of Trypsin Catalysis. Benzamidine hydrochloride is one of the trypsin inhibitors, 
which has the capability to inhibit trypsin activity.128, 133 It is thus expected that the inhibitor is 
able to inhibit the cleavage of cyto c by trypsin, leading to less efficient protein digestion. The 
inhibit capacity was tested in assays conducted under the same conditions used for the kinetics 
studies described above. Figure 3.8a shows the real-time fluorescence intensity change of 
PFP-CO2Na (1 μM)/cyto c (200 nM) complex in the presence of 30 nM trypsin and different 
amount of benzamidine hydrochloride. The fluorescence recovery (“turn-on”) of PFP-CO2Na 
decreased with increased inhibitor amount, indicating that the overall inhibition is more 
effective at high inhibitor concentrations. The initial rate of trypsin-catalyzed hydrolysis 
reaction in the presence of different amount of inhibitor (v0’) was calculated using the same 
method applied for calculation of v0 in the absence of inhibitor. Figure 3.8b shows that the 
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higher inhibitor concentrations lead to lower v0’ values. These results indicate that the 
digestion of cyto c by trypsin is effectively inhibited by benzamidine hydrochloride. In 
addition, this study also demonstrates that PFP-CO2Na and cyto c complex could be used as a 
sensitive probe to study trypsin activity, as well as to screen potential drugs based on the 
inhibition of the cleavage reactions catalyzed by trypsin.  
 
Figure 3. 8 (a) Fluorescence intensity changes of PFP-CO2Na/cyto c complex at 415 nm as a 
function of trypsion digestion time with different amount of inhibitor. (b) Plot illustrates the 
initial rate of reaction (v0) versus inhibitor concentration with error bar indicated. Experiment 
conditions: [PFP-CO2Na] = 1 µM, [cyto c] = 200 nM and [trypsin] = 30 nM in 20 mM PBS 
buffer (pH = 8.9) at 37 oC, λex = 380 nm. 
3.4 Conclusion 
In summary, we report the synthesis of a water-soluble carboxylated polyfluorene 
derivative, PFP-CO2Na. The polymer fluorescence can be quenched by cyto c with a 
Stern-Volmer constant (Ksv) of ~1.32×107 M-1 at pH 8.9. Using PFP-CO2Na/cyto c complex 
as substrate, a continuous fluorescence “turn-on” trypsin assay has been developed. The 
fluorescence of pre-quenched PFP-CO2Na/cyto c complex recovers due to trypsin catalyzed 
cyto c digestion. Monitoring of trypsin activity has been realized by measuring recovered 
fluorescence intensity of PFP-CO2Na in the presence of trypsin. The initial reaction rate 
increases with increased trypsin concentrations. The kcat/Km of trypsin-catalyzed hydrolysis 
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reaction is calculated to be 5350 M-1 s-1, according to the Stern-Volmer plots. Addition of 
trypsin inhibitor induces a decreased fluorescence “turn-on” response of PFP-CO2Na and a 
decreased initial reaction rate. This fluorescence turn-on strategy could also be extended to 
other CPEs and protein substrates for various enzyme activity study, provided that the protein 
is able the quench the fluorescence of the CPE. 
 
 




CHAPTER 4  
ATP DETECTION ON APTAMER-FUNCTIONALIZED 
SILICA NPs PLATFORM 
 
4.1 Introduction 
Silica NPs have attracted intense research interests over the last decade in the field of 
biosensing,98-100 bioimaging,104, 105 and drug delivery107 due to their low-cost, low cytotoxicity, 
and good biocompatibility. Extensive studies have been focused on the development of 
dye-doped NPs to serve as fluorescent labels.82 On the other hand, the high density of silica 
(1.96 g·cm–3) facilitates easy separation of silica NPs during the synthesis, modification, and 
detection steps through centrifugation. This property makes them promising candidates as the 
sensory platform for biosensor applications.152 The silica NP surface also serves as a 
biocompatible and versatile substrate for biomolecule immobilization. Bioprobes (DNA 
oligonucleotides, aptamers, antibodies, proteins, etc.) have been immobilized on the NP 
surface for specific target detection.69, 82, 95 The surface modification of silica NPs generally 
takes three steps, including the silane treatment, the subsequent chemical modification of the 
functional groups (e.g., cyanuric chloride,95 aldehyde,153 and NHS ester154 treatment), and the 
probe coupling. In general, the strategy of covalent modification is preferred rather than of 
physical adsorption, since the covalently bound probes can sustain stringent washing steps.155 
In addition, NP suspension could provide a nearly homogeneous environment that facilitates 
DNA immobilization and hybridization. 
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The design and construction of biosensors for recognizing biologically important small 
molecules has received considerable attention in recent years. ATP as the major carrier of 
chemical energy in living species, plays an important role in regulation of cellular metabolism 
and biochemical pathways in cell physiology. In addition, ATP has also been used as an 
indicator for cell viability and cell injury.156 Based on the fact that ATP is essential for 
biochemical study as well as for clinic diagnosis, it is thus of high importance to detect ATP 
and monitor its concentration in aqueous media. Several strategies have been developed for 
ATP detection, which are based on chem/bio-luminescence reactions, host-guest receptors, 
peptides, conjugated polymers and DNA/RNA aptamers.133, 157-159 
Recently, aptamer-based ATP sensing strategy has attracted a tremendous interest 
because of the specific binding between selected aptamers and ATP. The conformational 
change of aptamers upon ATP binding offers high flexibility in designing novel biosensors 
with high detection sensitivity and selectivity.160, 161 One of the most elegant aptamer based 
fluorescence methods for ATP detection is operated on the 
structure-switching/fluorescence-dequenching mechanism.108 This method takes advantage of 
a fluorophore labeled DNA aptamer, which upon hybridization with a quencher labeled 
complementary DNA, allows the fluorophore and the quencher to come to close proximity for 
fluorescence quenching. The target binding switches the duplex to an aptamer-target complex, 
which forces the release of the quencher sequence, resulting in dequenching of the 
fluorophore and an increase in fluorescence signal. The same strategy has also been extended 
to a membrane assay and to quantify alkaline phosphatase (ALP) activities.118 Other aptamer 
based fluorescence detection methods for ATP include the molecular beacon approach,109, 110 
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which requires doubly labeled aptamer sequence that operates on aptamer folding induced 
fluorescence-quencher distance change. In addition, the aptamer folding induced fluorescence 
change of in situ labeling fluorophores111, 119, 120 and intercalation dyes112 was also used for 
ATP detection. Based on the aptamer duplex-to-complex structure switching approach, fast 
colorimetric assays involving oligonucleotide modified or bare AuNPs have also been 
developed for naked eye sensing of ATP. These sensors were operated on the aggregation 
induced color change of AuNPs.162 
In this chapter, we first report the general method for synthesis, surface activation and 
bioprobe grafting of silica NPs. Inspired by the structural switch of aptamer based small 
molecule detection and the wide application of silica nanoparticle based assays for 
biodetection, we develop a new strategy which takes advantage of aptamer hybridized silica 
NPs as the platform to detection ATP in aqueous media. 
4.2 Experimental section 
Materials. The DNA oligonucleotides were purchased from Research Biolabs or First Base 
(Singapore). The modified ATP-binding aptamer has a sequence of 5'-Cy5-TGG AAG GAG 
GCG TTA TGA GGG GGT CCA-3'. The amine-labeled oligonucleotide has the sequence of 
5'-amino-T8 TGG ACC CCC TCA TAA CGC CTC CTT CCA-3’ (probe DNA, DNAp). ATP, 
CTP, GTP, UTP were purchased from Sigma and used as received. Tetraethyl orthosilicate 
(TEOS, 98%, Fluka), 3-aminopropyl triethoxysilane (APTES, 99%, Aldrich) and 
2,4,6-trichloro-1,3,5-triazine (98%, Alfa Aesar) were commercial products and were used as 
received without further purification. 
Instrumentation. The absorbance of DNA oligonucleotide solution was measured using 
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the UV-vis spectrometer (Shimadzu, UV-1700, Japan). Photoluminescence was measured 
using a fluorometer (Perkin-Elmer, LS-55, USA) equipped with a xenon lamp excitation 
source and a Hamamatsu (Japan) 928 PMT, using 90 degree angle detection for solution 
samples. The size of silica NPs was determined through a field emission scanning electron 
microscope (FE-SEM, JEOL JSM-6700 F, Japan). 
Synthesis and chemical modification of silica NPs. Silica NPs (100 nm in diameter) were 
prepared according to the Stöber method.83 Briefly, an amount of 1.35 mL of TEOS was 
dissolved in 13.65 mL of ethanol, which is followed by dropwise addition of ammonium 
hydroxide (0.32 mL) in a mixture of MilliQ (8.83 mL) and ethanol (5.67 mL) with vigorously 
stirring. The mixture was further stirred at room temperature for 14 h. The obtained NPs were 
centrifuged and washed with ethanol and MilliQ water. In between the washing steps, the NPs 
were redispersed by ultrasonication. The bare NPs was then characterized by FE-SEM. NP 
suspension was first sonicated for 10 mins to avoid aggregation, then dropped onto a 
conductive tape on a sample stage. Afterwards the air-dried sample was coated with a 5 
nm-thickness Pt layer via a platinum coater and was taken images using FE-SEM. The NPs 
(8.4 mg) were furthre treated with APTES (200 μL in 300 μL of ethanol), The mixture was 
reacted at room temperature for 2 h, which was followed by heating at 50 oC for another 1 h. 
After the mixture was cooled to room temperature, the NPs were centrifuged and washed with 
ethanol and acetonitrile. The obtained NPs were further reacted with 
2,4,6-trichloro-1,3,5-triazine (0.2 M in 1 mL of acetonitrile) at room temperature for 2 h. The 
final NPs were centrifuged and washed successively with acetonitrile, ethanol, MilliQ water, 
and borate buffer and dispersed in borate buffer for probe DNA immobilization. 
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Immobilization of DNA probes onto silica NPs. The triazine functionalized silica NPs 
(8.4 mg) were dispersed in a mixture of borate buffer (85 μL, 50.2 mM boric acid, 3.6 mM 
sodium tetraborate decahydrate, pH 8.5) and NaCl (90 μL, 2 M). The probe DNA (25 μL, 
100 μM) was subsequently added into the NP solution. The resulting mixture was 
incubated at room temperature for 14 h. The NP suspension was centrifuged, and the 
supernatant was collected for UV-vis absorption measurement. The DNA immobilized 
NPs were washed with borate buffer and MilliQ water, and then dispersed in MilliQ water 
for further use. The number of immobilized DNA molecules on the silica NPs can be 
quantitatively calculated from the absorbance difference at 260 nm between the DNA 
solution before immobilization and the supernatant after immobilization and NP removal. 
The number of immobilized DNA on each NP was calculated based on the ratio of the 
total number of immobilized DNA to the total number of NPs in solution. 
Hybridization of Cy5-aptamer to DNA immobilized NPs. The probe DNA immobilized 
NPs (8.4 mg) were dispersed in 580 μL of the hybridization buffer (300 mM NaCl, 20 mM 
Tris-HCl, 0.1% Tween 20, pH 8.3). Various amounts of Cy5 labeled aptamer (5, 10, 15, 20 
and 25 μL, 100 μM) were then added to the NP solution and the resulting mixture was 
incubated and shaken at room temperature for 2 h. After centrifugation, the supernatant 
was collected for photoluminescence (PL) measurement and the NPs were thoroughly 
washed by three rounds of centrifugation and washing with the hybridization buffer to 
remove the free aptamer. The collected NPs were redispersed in 1000 μL of the 
hybridization buffer. The number of unhybridized aptamer can be calculated from the 
solution fluorescence intensity at 670 nm, which corresponds to the maximum emission of 
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Cy5 upon excitation at 640 nm. The number of hybridized aptamers on the silica NPs can 
be quantitatively calculated from the intensity difference at 670 nm between the aptamer 
solutions before hybridization and the supernatant after hybridization and NP removal. As 
a consequence, the number of hybridized aptamers on each NP was calculated based on the 
ratio of the total number of captured aptamers to the total number of NPs in solution. 
FE-SEM image of the hybridized NPs was captured as same as described in case of the 
bare NPs. 
ATP detection using pre-hybridized NP. The hybridized NPs (0.84 mg) were dispersed 
in 300 μL of the releasing buffer (300 mM NaCl, 20 mM Tris-HCl, 0.1% Tween 20, pH 
8.3). Various amounts of ATP (range from 0 mM to 7 mM) were added to each NP 
solution. The resulting mixture was incubated at 45 oC for 30 min. After incubation, the 
NP suspension was centrifuged, and the supernatant was collected for PL analysis. Parallel 
experiments were conducted using other NTPs under the same experimental condition. 
4.3 Results and discussion 
Sensor design. The anti-ATP binding aptamer is a 27-base single-stranded 
oligodeoxynucleotide selected from a random sequence DNA pool, which shows high affinity 
to ATP, but not for other NTPs. The probe sequence was designed to have eight extra dT as a 
spacer at the 5’ position which facilitates the aptamer hybridization with improved 
hybridization efficiency.163 As shown in scheme 3.1, the detection strategy starts with the 
immobilization of probe DNA on the NP surface, which was followed by hybridization of 
Cy5-labeled aptamer with probe-immobilized NPs. Upon the addition of ATP to the 
prehybridized NPs, the aptamer will switch its structure from the duplex to the aptamer/target 
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complex, due to the preferential binding of the aptamer to the ATP molecule.161160161160 The 
structural switch leads to release of the hybridized aptamer to the supernatant, giving rise to 
highly fluorescent supernatant in the presence of ATP. On the other hand, the addition of 
other NTPs will not induce any aptamer/target complex formation and the aptamer duplexes 
remain on the NPs surface. The supernatants will remain nonfluorescent. Therefore, ATP 
detection could be easily realized by monitoring the fluorescence change of the supernatant. 
 
Scheme 4. 1 The working principle of the structure-switching aptamer-based silica NP sensor. 
Preparation of pre-hybridized NPs. The silica NPs were synthesized using a modified 
Stöber method through hydrolysis of TEOS in a mixture of ethanol and water in the presence 
of ammonia. The obtained NPs have a diameter of ׽100 nm, with a size distribution of ±6.2% 
(Figure 4.1). We are particularly interested in silica NPs in the 100 nm size range since they 
are transparent in dilute solutions and their optical properties do not interfere with those of 
fluorescent molecules. Based on the size and the density of silica (1.96 g cm-3), we estimate 
that 1.0 mg of the synthesized NPs contains ׽1 × 1012 NPs. Activation of the NP surface was 
done via a two-step process. 3-amino-propyl-trimethoxysilane was first added to the ethanol 
solution of silica NPs to generate an amine-modified surface. In the second step, 
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2,4,6-trichloro-1,3,5-triazine was used to generate a triazinefunctionalized surface for further 
modification.95 Coupling between the triazine-functionalized NPs and the amine-labeled 
capture probes (DNAp) was conducted in borate buffer at room temperature with gentle 
shaking. The successful immobilization of DNA probes on the NP surface was observed and 
the coverage density was calculated to be ׽180 DNAp/NP from the absorbance difference 
between the probe solutions before immobilization and the supernatant after immobilization 
and NP removal.  
 
Figure 4. 1 FE-SEM image of the synthesized bare silica NPs. The average diameter is ׽100 
nm with a polydispersity of 6.2%, based on calculating 100 NPs. The inset shows the 
well-dispersed NPs. 
After surface immobilization, incubation of the probe-immobilized NPs with the 
aptamer in the hybridization buffer (300 mM NaCl, 20 mM tris-HCl, 0.1% Tween 20, pH = 
8.3) led to the formation of DNA duplexes on the NP surface. 0.1% Tween 20 in the 
hybridization buffer is essential to act as a surfactant to prevent non-specific absorption of 
Cy5-labeled aptamer onto the NP surface since the positively charged Cy5 molecule was 
prone to interact with silica NPs through electrostatic interaction.164 In order to optimize the 
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aptamer number on the NP surface, a different amount of aptamer was added to 8.4 mg of NPs 
containing ׽180 DNAp/NP. The extent of hybridization between DNAp immobilized NPs and 
the aptamer was monitored from the fluorescence difference between the aptamer solution 
before hybridization and the supernatant after hybridization and NP removal. When [aptamer] 
was varied from 0 to 4.1 μM, the captured aptamer on each DNAp/NP increased from 0 to 110 
(Figure 4.2). The maximum number of aptamers (׽110) on each DNAp/NP was obtained at 
[aptamer] = 3.3 μM, which corresponded to ׽60% of the surface-immobilized DNAp 
molecules participating in the hybridization. The stability of the pre-hybridized NPs has been 
further investigated. The NPs were washed three times with the hybridization buffer to 
remove the free aptamer in solution, and the supernatant fluorescence became very weak. This 
indicated that gentle shaking of the hybridized NPs did not release the aptamer into solution. 
Upon incubation of NPs in the absence of NTPs at different temperature, it was found that the 
fluorescence intensity of the supernatant remained unchanged when the temperature was 
increased from 24 to 55 ◦C, implying that almost no aptamer was released into the solution. 
This is due to the high melting temperature of the aptamer-DNAp duplex (Tm = 75.3 ◦C, 
measured in 300 mMNaCl, 20 tris-HCl buffer), shown in Figure 4.3. All these observations 
confirm that DNAp-immobilized silica NPs could serve as an ideal platform to capture the 
aptamer on the NP surface and maintain a low background signal.  




Figure 4. 2 The number of aptamers hybridized to each 180 DNAp/NP as a function of 
aptamer concentration. 
 
Figure 4. 3 The melting curve for the aptamer duplex in 300 mM NaCl, 20 Tris-HCl buffer 
with Tm = 75.3 ◦C.  
Selectivity of the NP-based ATP detection. Based on the optimized hybridization condition, 
the obtained aptamer/DNAp/NP (0.84 mg) was incubated with ATP, CTP, GTP or UTP (6 
mM) for 30 min at 45◦C in the release buffer (300 mM NaCl, 20 mM tris-HCl, 0.1% Tween 
20, pH = 8.3) to study the selectivity of the assay. As shown in Figure 4.4a, ATP gave an 
obvious change in the supernatant fluorescence while other NTPs almost did not induce any 
fluorescence change for the supernatant emission. As shown in Figure 4.4b, the supernatant 
signal in the presence of ATP was approximately 50-fold higher than that for other NTPs. The 
excellent sensing selectivity arises not only from the stability of the duplex on the NP surface, 
Chapter 4. Silica NP-based ATP detection 
72 
 
but also from the efficient structure-switching capability of the aptamers on the NP surface in 
the presence of ATP. 
 
Figure 4. 4 (a) Fluorescence spectra of the supernatants upon incubation of aptamer/DNAp/ 
NPs with 6 mM NTP at 45 ◦C for 30 min. (b) The normalized fluorescence intensity for 
solutions containing ATP, CTP, GTP and UTP. The fluorescence intensity of each solution 
was normalized using the following equation: (F − F0)/(Fmax − F0), where F is the 
fluorescence intensity of each sample, and F0 and Fmax are the fluorescence intensities of the 
solutions at 670 nm in the absence and presence of ATP, respectively. 
Sensitivity of the NP-based ATP detection. The aptamer/DNAp/NP was then employed to 
test different concentrations of ATP in order to determine the sensor sensitivity. The 
aptamer/DNAp/NP (0.84 mg) was treated with various [ATP] at 45 ◦C in the release buffer for 
30 min. After cooling down to room temperature, the resulting suspension was centrifuged 
and the supernatant was collected for fluorescence measurement. As shown in Figure 4.5, the 
supernatant signal intensity increased linearly as [ATP] increased from 0.5 to 6 mM and the 
maximum supernatant fluorescence was obtained at [ATP] = 6 mM. A very large signal 
magnitude (i.e., S/B, defined as the fluorescence intensity in the presence of ATP over that in 
the absence of any target) of ׽10-fold was displayed for the NP-based assay. The detection 
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limit is estimated from Equation 2.124 by three independent measurements. Thus, the 
detection limit of the assay was estimated to be ׽34 μM. The detection limit is better than that 
of most fluorescent assays in solution,111, 119, 120 and even comparison to that of ATP detection 
taking advantage of CPE amplification strategy in Chapter 2. The high sensitivity is 
attributed to controllable modification of bioprobes on the surface of silica NPs and easy 
separation method via centrifugation-wash-redispersion circle. 
 
Figure 4. 5 The changes in the supernatant fluorescence intensity of aptamer/DNAp/NP with 
[ATP] ranging from 0 to 7 mM. The inset shows the enlarged curve in the ATP concentration 
range of 0-0.5 mM. Each data point represents the average value of three independent 
experiments with error bars indicated. 
4.4 Conclusion 
In summary, we develop a general method for the synthesis, chemical modification and probe 
immobilization of silica NPs. And we have demonstrated a simple and efficient silica 
NP-based assay for ATP detection involving the principle of structure-switching-induced 
fluorescence change of the supernatant. Cy5-labeled DNA aptamer was released from the NP 
surface to the solution in the presence of ATP, which is easy to be collected and recorded by a 
fluorometer. The detection limit of the assay (׽34 μM) is comparable to that of previous 
aptamer-based assays in solution.111, 119, 120 The detection method is generally applicable to 
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other aptamers and targets of interest including biological cofactors, metabolites and proteins. 
 





SILICA NP-BASED FLUOROIMMUNOASSAY USING 
CONJUGATED POLYMER AS A SIGNAL AMPLIFIER 
 
5.1 Introduction 
The development of novel methods for rapid, sensitive and low-cost immunoassays attracts 
particular interests because of their wide applications in medical diagnostics, food inspection 
and biomedical research.165 Antibody-based recognition is one of the most promising 
strategies for protein detection due to the extraordinary binding affinity and specificity 
between antibody and antigen (typical Kd ׽10-10 M).21 However, unlike the detection of 
nucleotide-based targets, which could be amplified by various techniques, such as the 
polymerase chain reaction, the lack of amplification methods for protein has greatly hampered 
the trace detection of proteins at the earliest stage of diseases. Conventional techniques such 
as enzyme linked immunosorbent assay (ELISA) and radial immunodiffusion (RID) are 
suboptimal for protein detection, considering the specific storage of active enzymes in ELISA 
and potential health hazard of radioisotopes in RID.166, 167 To improve the detection sensitivity 
and/or to shorten the detection time, many immunosensors have been fabricated recently using 
different principles, such as fluorescence,168 electrochemistry,169 Raman,51 
chemiluminescence,170 flowcytometry,171 microfluodic method172 and bio-bar-code method.173 
Most of these methods require complicated structures, delicate manipulation or sophisticated 
instrumentation, which motivates the exploitation of new immunosensors with simple 
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operation and high sensitivity. 
NP-based assays have been extensively used for chemical and biological detection. As a 
carrier for encapsulation of many quantum dots or dye molecules, NPs have been mainly used 
as signal reporters in fluoroimmunoassays to improve the detection sensitivity.167, 171, 174 
Although thousands of fluorescent molecules could be encapsulated into NP matrix, the 
potential application of NP-based biomarkers is limited due to the leakage of fluorescent 
molecules in washing steps.166, 175 In addition, dye-doped NPs often suffer from broad 
emission and small Stokes shift, which could result in cross-talking between excitation and 
emission signals.176 To improve signal output and minimize cross-talking, one efficient 
method is to introduce FRET, which separates the wavelengths between the excitation of the 
donor and the emission of the acceptor.  
CPEs have been widely used as sensing platforms for various chemical and biological 
target.66, 177 The delocalized electronic structures of CPEs allow for electronic coupling 
between optoelectronic segments and efficient intrachain/interchain energy transfer.177 CPEs 
have been used as light harvesting molecules that deliver excitations to signaling fluorescent 
dyes attached to biomolecular probes, thereby providing increased signal intensities and 
sensitivities over those of single molecule reporters.67, 77, 79 The amplification is often 
described using the amplification factor, which is defined as the ratio of dye emission upon 
excitation of the donor as compared to that upon excitation of the dye at its absorption 
maximum in the absence of the donor. FRET from CPE to dye is a prerequisite for high signal 
amplification, which is determined by donor/acceptor distance, spectral overlap between the 
donor emission and acceptor absorption, and orientation factor according to Föster equation.57 
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In addition, other factors, such as well-matched energy levers of donor-acceptor pairs, charge 
density of the donor, and solvent media were also found to affect the signal amplification. The 
detailed discussion of donor-acceptor pair selection is summarized in relevant review.66, 178 
CPE-based sensors that operate on FRET mechanisms have been widely used to detect 
nucleic acids and small molecules in solution and on solid substrate.67, 69, 70, 179 So far, there is 
no direct demonstration that CPEs could be used to amplify the signal from dye labeled 
antibodies or other proteins due to the structure diversity and complexity of the target 
analytes. 
In this chapter, we report a cationic CPE amplified NP-based fluoroimmunoassay for 
antigen detection and quantification, using immunoglobulin G (IgG) as an example. Silica 
NPs (100 nm) are used as the substrate because of their small size and high surface-to-volume 
ratio for maximum protein loading, which could provide improved assay performance as 
compared to those based on planar microwells or glass substrates.180 In addition, the 
antibody-immobilized silica NPs could also provide efficient target capture and thorough 
interference isolation by simple participating-washing-redispersing procedures. The addition 
of an energy donor CPE further amplifies the dye signal and avoids cross-talking, which 
provides a sensitive, simple and low-cost immunoassay for antigen detection. 
5.2 Experimental Section 
Chemicals. Goat IgG, anti-goat IgG, anti-goat IgG-Cy3, thrombin and bovine serum albumin 
(BSA) were purchased from Sigma. Tetraethylorthosilicate (TEOS, 98%, Fluka), 
3-aminopropyl triethoxysilane (APTES, 99%, Aldrich), 2,4,6-trichloro-1,3,5-triazine (98%, 
Alfa Aesar), ethanol (99.9%, Merck), ammonia solution (30 wt%, SINO Chemical Company), 
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Tween-20 (Aldrich), BlockerTM Casein in PBS (Pierce) and 10× phosphate buffered saline 
(PBS, pH 7.4, 1st BASE) were commercial products and used as received without further 
purification. MilliQwater (18.2 MΩ)was used to prepare all stock solutions and the PBST 
buffer (150mM PBS buffer with 0.05% Tween-20,pH7.4) used in the experiments. The 
cationic conjugated polymer: poly[9,9-bis(6-(N,N,N-trimethylammonium)-hexyl) 
-fluorene-co-alt-2,5-difluoro-1,4-phenylene dibromide] (PFP-2F) with an average molecular 
weight of ׽28,000 was synthesized according to the previous report.59 
Characterization. The absorption spectra of goat IgG, anti-goat IgG and casein solutions 
were measured using the UV-vis spectrometer (Shimadzu, UV-1700, Japan). Immobilization 
of goat IgG on silica NPs and the immunoreactions on the NP surfacewere conducted in an 
incubator (Eppendorf thermomixer). The photoluminescence spectra were recorded on a 
fluorometer (Perkin-Elmer, LS-55, USA) equipped with a xenon lamp excitation source and a 
Hamamatsu (Japan) 928 PMT, using 90◦ angle detection for solution samples. The size of 
silica NPs was determined using a field emission scanning electron microscope (FE-SEM 
JEOLJSM-6700 F) after coating a thin Pt layer via a platinum coater. 
Preparation of functionalized silica NPs. Triazine functionalized silica NPs of 100 nm in 
diameter were prepared as same as described in Charpter 4. The obtained NPs were finally 
stored in 1× PBS buffer at 4 ◦C for further use. 
Immobilization of anti-goat IgG onto silica NPs. Anti-goat IgG (10mg/mL) with various 
volumes were added to the triazine functionalized silica NPs (4.2 mg) in 1×PBS buffer (500 
µL) to yield the final concentration of anti-goat IgG in the range of 50 µg/mL to 1.5 mg/mL. 
The resulting mixtures were incubated and gently shaken for 14 h at room temperature. The 
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NP suspensions were then centrifuged and the supernatants were collected for UV-vis 
absorption measurement. The anti-goat IgG immobilized NPs were thoroughly washed with 
PBST buffer (1 mL, 3×). The number of anti-goat IgG molecules immobilized on NPs was 
calculated from the absorbance difference at 280nm of anti-goat IgG solution before 
immobilization and supernatant after anti-goat IgG incubation and NP removal.  
Blocking of anti-goat IgG immobilized NPs. The antibody-NP conjugates (4.2 mg) were 
redispersed in 1% (w/v) casein blocking buffer (1 mL), and the mixture was incubated and 
shaken at room temperature for 2 h. The NP suspension was then centrifuged and thoroughly 
washed with PBST buffer (1mL, 3×), and was finally resuspended in PBST buffer (100 µL). 
The supernatant after first centrifugation was collected for UV-vis absorption measurement. 
Immunoassay of goat IgG. Various amounts of goat IgG (ranged from 0 to 5 µg/mL) were 
added to the casein blocked anti-goat IgG-NP conjugates (0.2 mg) in PBS (300 µL), and the 
resulting mixtureswere incubated at 37 ◦C for 1 h. After thorough washing to remove the free 
goat IgG with PBST (1 mL, 3×), the collected NPs were redispersed in 1× PBS buffer (100 
µL). Anti-goat IgG-Cy3 (3 µL, 6 mg/mL) was then added to the resulting NP suspension and 
incubated at 37 ◦C for 1 h. After washing, the final NP conjugates were redispersed in 25mM 
PBS buffer (pH 7.4) for fluorescence measurement. The emission spectra were recorded both 
in the absence of PFP-2F via direct excitation of Cy3 at 550 nm, and in the presence of 
PFP-2F via excitation of the polymer at 370 nm. Parallel experiments were conducted using 
thrombin (1 µg/mL) or BSA (1 µg/mL) as interferences under the same experimental 
procedure. 
5.3 Result and discussion 
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Immunoassay operation mechanism. A schematic representation of the CPE-sensitized 
NP-based fluoroimmunoassay of IgG is shown in Scheme 5.1. Anti-goat IgG-NP is first 
synthesized by conjugation of anti-goat IgG onto triazine functionalized silica NPs. The free 
triazine groups on the NP surface are further blocked by casein to minimize non-specific 
interaction between anti-goat IgG-NP conjugates and interference proteins.181 Goat IgG is 
then captured by anti-goat IgG-NP conjugates, which is followed by forming a sandwich 
structure with the signaling anti-goat IgG-Cy3 to result in fluorescent NPs. A specially 
designed CPE (PFP-2F) is then introduced into the NP suspension, where electrostatic 
interactions between the protein and the polymer bring Cy3 and the polymer into close 
proximity for FRET to yield an amplified Cy3 emission signal. On the other hand, the NPs 
remain non-fluorescent since the sandwich structure would not form in the presence of 
non-specific proteins, and no energy transfer occurs upon addition of the polymer. 
 
Scheme 5. 1 CPE amplified NP-based fluoroimmunoassay. 
Preparation of anti-goat IgG-NP conjugates. Triazine functionalized silica NPs of 100 nm 
in diameter were prepared as same as described in Charpter 4. The anti-goat IgG-NP 
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conjugates were obtained after incubation triazine functionalized NPs with a series of 
anti-goat IgG solutions in different concentration. The anti-goat IgG/NP ratio and the 
anti-goat IgG immobilization efficiency were calculated using the following method. The 
number of immobilized anti-goat IgG on NPs was first calculated from the absorbance 
difference at 280 nm between the anti-goat IgG solutions before immobilization and the 
supernatant after immobilization and NP removal. The anti-goat IgG loading rate was 
calculated based on the total number of immobilized anti-goat IgG to the total number of NPs 
in solution. The anti-goat IgG immobilization efficiency was calculated based on the total 
number of immobilized anti-goat IgG to the initial number of anti-goat IgG before 
immobilization. To optimize the immobilization condition, we fix the amount of silica NPs 
(4.2 mg) but vary the anti-goat IgG concentration from 50 µg/mL to 1.5 mg/mL. We found 
that the anti-goat IgG/NP ratio increases with the increased anti-goat IgG concentration, while 
the immobilization efficiency decreases simultaneously (Figure 5.1). Balancing the cost and 
efficiency of immobilization, 1mg/mL of anti-goat IgG was chosen as the immobilization 
condition as both anti-goat IgG/NP ratio (׽300 antigoat IgG per silica NP) and the 
immobilization efficiency (70%) were relatively high. 




Figure 5. 1 Effect of [anti-goat IgG] in incubation solution on the surface coverage of NP and 
immobilization efficiency of anti-goat IgG. 
Non-specific adsorption and cross-reactivity could be a serious problem in 
immunoassays. Casein, a commonly used sealing reagent, was used to block the free triazine 
sites on the NP surface after anti-goat IgG immobilization in order to reduce the nonspecific 
adsorption of other proteins. The successful blocking of NPs with casein was confirmed by 
the absorbance difference at 280nm between casein solutions before blocking and 
supernatants after blocking and NP removal. There was an obvious absorbance drop for the 
casein solution after the blocking step. 
Optimization of fluoroimmunoassay conditions for IgG detection. The developed method 
is a typical “sandwich” fluoroimmunoassay. Optimization of the concentration for the 
signaling anti-goat IgG-Cy3 plays a crucial role in assay performance in terms of high 
sensitivity and low non-specific interaction. We investigated how the assay performance was 
affected by different concentrations of anti-goat IgG-Cy3 in solution. Different portions of 
anti-goat IgG-NP conjugates (0.2 mg) were incubated with IgG (1 µg/mL), which were 
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followed by treatment with different amounts of anti-goat IgG-Cy3. In addition, one portion 
of anti-goat IgG-NP conjugates was directly incubated with the signaling anti-goat IgG-Cy3 
in the absence of IgG to monitor the non-specific interaction. The obtained NPs were 
centrifuged and washed before redispersion for fluorescence measurement. The PL intensities 
(570 nm) of the resulting NP suspensionwere measured by direct excitation of Cy3 at 550 nm. 
As shown in Figure 5.2, the PL intensities of the NP suspension incubated with antigen (curve 
a) increased significantly in the low anti-goat IgG-Cy3 concentration range and was almost 
saturated at [anti-goat IgG-Cy3] > 0.24mg/mL. For NP solutions underwent the same 
treatment in the absence of antigen (curve b), the fluorescence signals of the resulting NPs 
displayed an obvious increase when [anti-goat IgG-Cy3] reached 0.24 mg/mL. Since there 
should be no sandwich structure formed in the absence of the goat IgG, the fluorescence 
signal implied the occurrence of non-specific adsorption in the assay at high anti-goat 
IgG-Cy3 concentrations. When one compares the trend of curves a and b, it is easy to find that 
0.18mg/mL of anti-goat IgG-Cy3 is the best condition to yield a high signal and low 
non-specific interaction.  




Figure 5. 2 The maximum Cy3 emission intensities at 570 nm for solutions containing 
anti-goat (a) in the presence of 1 µg/mL of goat IgG and (b) in the absence of goat IgG upon 
direct excitation of Cy3 at 550 nm. 
Energy transfer experiments were conducted using PFP-2F (chemical structure shown in 
Scheme 5.1) as the light harvesting material. The absorption and photoluminescence (PL) 
spectra of PFP-2F and Cy3 in 25mM PBS buffer are displayed in Figure 5.3. PFP-2F has an 
emission maximum at 420 nm, while Cy3 has an absorption maximum at 550 nm. There is a 
good spectral overlap between the emission of the polymer and the absorption of Cy3, which 
should favor FRET. In addition, the emission tail of PFP-2F at 570 nm is almost negligible, 
which indicates that there is almost no signal interference from PFP-2F when monitoring the 
Cy3 emission through FRET. Therefore, PFP-2F was selected as the energy donor for Cy3 in 
the fluoroimmunoassay.  




Figure 5. 3 The absorption (dashed line) and photoluminescence spectra (solid line) of PFP-2F 
(line with lozenges) and Cy3 in 25 mM PBS, pH = 7.4. The excitation wavelength is 370 nm 
for PFP-2F and 550 nm for Cy3. 
We further optimized the amount of PFP-2F needed for maximum Cy3 fluorescence 
through FRET. For solutions containing 0.2mg of anti-goat IgG-NP conjugates, which were 
treated with 1 µg/mL of goat IgG, and subsequent incubation with 0.18 mg/mL of anti-goat 
IgG-Cy3, different amounts of PFP-2F were added. The solution PL spectra for NP 
suspensions in the absence and presence of PFP-2F were collected. Figure 5.4 shows the Cy3 
fluorescence intensity change (collected at 575 nm) in NP suspensions as a function of 
polymer concentration. The solution fluorescence intensity increases gradually with increased 
[PFP-2F], and the maximum Cy3 emission intensity is obtained at [PFP-2F] = 8 µM. 
Additionally, the polymer sensitized Cy3 emission is ׽5 nm red-shifted, relative to the 
emission upon direct excitation of Cy3 in the absence of the PFP-2F. Under this condition, the 
polymer sensitized Cy3 emission is over 6-fold greater than that upon direct excitation of Cy3 
in the absence of the polymer, indicating signal amplification provided by the CPE (Figure 
5.5). The amplification factor (6-fold) in this fluoroimmunoassay is considerably smaller than 
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donor.182 This difference is due to the different optical properties of acceptor chromophores, 
where fluorescein absorption has a better spectral overlap with the emission of PFP-2F than 
that for Cy3. In addition, the large size of IgG (effective molecular radius׽5.5 nm) could 
hamper collective response of polymers adsorbed on the NP surface (in addition to those 
adsorbed on IgG) to amplify Cy3 signal. The effective FRET distance is ׽60 Å, which is 
sufficient for energy transfer between polymers and antibodies bound through electrostatic 
interactions.  
 
Figure 5. 4 Polymer concentration dependent fluorescence emission intensities of Cy3 
anti-IgG attached NP collected at 575 nm through FRET. 




Figure 5. 5 PL spectrum of NP suspension in the presence of PFP-2F (cubes), upon excitation 
at 370 nm. Direct excitation of NP suspension at 550 nm in the absence of PFP-2F is also 
shown (triangles). 
Performance of CPE amplified NP-based fluoroimmunoassay. Based on the optimized 
conditions, the anti-goat IgG-NPs (0.2 mg) were incubated with the target antigen or other 
nonspecific proteins (1 µg/mL), and subsequently incubated with the signaling anti-goat 
IgG-Cy3 (0.18 mg/mL). After washing and redispersing the resulting NPs, PFP-2F (8 µM) 
was added, and the polymer sensitized solution fluorescence spectra were recorded. The 
incubation with goat IgG generated an intense emission peak for the NP suspension, and very 
weak Cy3 emission signals were observed for NPs with thrombin and BSA treatment (Figure 
5.6). The anti-goat IgG NPs incubated with non-specific proteins (i.e., BSA and thrombin) 
have a fluorescent signal of 13-18 a.u., monitored at the maximum Cy3 emission at 575 nm. 
These values are less than 6% of that generated by goat IgG (309 a.u.), resulting in a 
signal-to-noise ratio ׽17. These results clearly demonstrate the excellent sensing selectivity 
of the NP-based fluoroimmunoassay, which imply that the bioactivity of antigen is retained on 
the NP surface. The negligible adsorption between non-specific proteins and the NPs also 
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indicates the successful blocking of the NPs with casein.  
 
Figure 5. 6 PL spectra of the NP suspension in the presence of PFP-2F (8 µM) for anti goat 
IgG-NPs (0.2 mg) incubated with various proteins (1 µg/mL) and subsequent treatment with 
anti-goat IgG-Cy3 (0.18 mg/mL). 
To study the sensitivity of NP-based immunoassay, antibody-NP conjugates (0.2 mg) 
were incubated with antigen in a concentration range from 0 to 1 µg/mL, which was followed 
by incubation with the signaling anti-goat IgG-Cy3 (0.18 mg/mL) andwashing steps. As 
shown in Figure 5.7, after incubation andwashing steps, the color of the resulting NPs 
changed from white to pink (due to the presence Cy3 on NPs) with increased concentrations 
of anti-goat IgG-Cy3. One could conveniently discriminate 50 ng/mL of target by naked eye. 
The PL intensities of these NP suspensions at Cy3 emission maximumwere further recorded 
both in the absence and presence of PFP-2F. Figure 5.8a depicts the titration curve of goat 
IgG using PFP-2F as the sensitizer. A linear intensity increase is exhibited over the target 
concentration range of 0-1 µg/mL. The detection limit is estimated from Equation 2.1 by three 
independent measurements. Under the conditions used in this study, the limit of detection for 
IgG is calculated to be ׽1.1 ng/mL, which is comparable or better than other NP-based 
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fluoroimmunoassay containing multiple dye molecules.174, 183, 184 In addition, a 7-fold 
improvement in detection limit was also observed in the presence of PFP-2F as compared to 
that upon direct excitation of Cy3 in the absence of PFP-2F (׽7.9 ng/mL based on calculation 
from Figure 5.8b). Two main reasons support the high assay performance of the 
fluoroimmunoassay: (1) NP platform provides efficient target capture and thorough 
interference isolation by easy centrifugation/washing steps, which result in a high signal for 
IgG with a low background signal. (2) The polymer provides signal amplification and 
eliminates cross-talking fluorescence, providing an opportunity to minimize the experimental 
errors and to improve the assay sensitivity.  
 
Figure 5. 7 Photographs of the sandwich NPs after washing steps. Anti-goat IgG-NP (0.2 mg) 
was incubated with different concentrations of IgG, and then treated with anti-goat IgG-Cy3 
(0.18 mg/mL). 
 
Figure 5. 8 Calibration curves for goat IgG detection. The maximum emission of Cy3 at 575 
nm was plotted vs. different concentrations of IgG ranging from 0 to 1 µg/mL (a) upon 
excitation of PFP-2F (8 µM) at 370 nm and (b) upon direct excitation of Cy3 at 550 nm. Each 
data point represents the average value of three independent experiments with error bars 
indicated. 




In summary, we present a simple and sensitive CPE-amplified NP-based fluoroimmunoassay 
for IgG detection. The formation of sandwich structure in the presence of the signaling 
antibody results in fluorescent NPs due to intrinsic antibody–antigen interaction. Further 
addition of energy donor PFP-2F provides signal amplification via FRET, resulting in a 
fluoroimmunoassay with high detection sensitivity. Under optimized conditions, the detection 
limit of the polymer amplified fluoroimmunoassay was determined to be 1.1 ng/mL. Further 
improvement in the overall signal amplification and sensitivity of CPE-based 
fluoroimmunoassay could be realized by designing more efficient energy donors or by 
selecting more efficient donor–acceptor pairs. This detection strategy could also be 
generalized for other assay format for different protein detection with simple operation and 
high performance. 





SILICA NPs-ASSISTED THROMBIN DETECTION IN 
SERUM-CONTAINING SOLUTION WITH CPE AMPLIFIED 
SIGNAL 
6.1 Introduction 
Thrombin is a multifunctional serine protease that produces insoluble fibrin through 
proteolytic cleavage of soluble fibrinogen in a hemostatic network. Thrombin is present in 
blood and tissue when physiological and pathological blood coagulation occurs.185 The 
concentration of thrombin plays a pivotal role in pathological conditions including the central 
nervous system (CNS) injury, thromboembolic disease, and Alzheimer’s disease.186-188 Low 
concentrations of thrombin (50 pM to 100 nM) mediate neuroprotection against ischemia and 
environmental insults such as oxidative stress, hypoglycemia, hypoxia, and growth 
supplement deprivation. High concentrations of thrombin, however, are shown to cause 
degeneration and cell death in both astrocyte and hippocampal neuron.189 It is of high 
importance to develop sensors to monitor thrombin in blood serum with high sensitivity, 
selectivity, and simplicity for both clinical practice and diagnostic applications.  
A 15-mer thrombin-binding aptamer (TBA),8 the first DNA aptamer isolated from in 
vivo selection, has been extensively investigated and coupled to biosensors for thrombin 
detection. The majority of these biosensors rely on target-induced conformational change of 
the aptamer, leading to physically detectable electrochemical,32, 190-193 fluorescence,11, 108, 
194-197 absorbance,198 colorimetric,77, 199, 200 or surface-enhanced Raman scattering (SERS) 
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signals.201 These aptasensors could be generally classified into three types according to their 
detection schemes. The first type is relied on aptamer duplex to target/aptamer complex 
switching in the presence of thrombin, which normally employs DNA aptamer duplexes with 
the complementary sequence tagged with a fluorophore or an electrochemical moiety.32, 108, 
190-193, 195, 196 The second type takes advantage of the conformational change of a 
single-stranded aptamer to the target-induced quadruplex structure to build AuNP-based or 
polymer-based sensors widely used in colormetric, electrochemical, and SERS sensors.32, 77, 
191, 199, 201 In addition, thrombin’s multiple binding sites for DNA aptamers enable the 
development of sandwich-based biosensors for thrombin detection using 
aptamer-functionalized AuNPs.190, 192, 193, 198, 200 Although great efforts have been made to 
develop aptasensors, so far only a few methods have been reported to detect thrombin in 
biological media.32, 192, 201 In addition, the detection sensitivity of NP-amplified 
electrochemical methods is generally higher than that from fluorescence methods. The 
difference is largely due to the lack of signal amplification step in fluorescence assays. 
To address these issues, we take advantage of the signal amplification of a CPE and the 
separation of aptamer-functionalized silica NPs to develop a sandwich assay for optical 
detection of thrombin in biological media with high sensitivity and selectivity. Silica NPs are 
selected as the detection platform due to the high density of silica (1.96 g/cm3), which 
facilitates easy separation of silica NPs during the synthesis, modification, and detection steps 
through centrifugation. This property will allow silica NPs to “fish out” target analytes from 
mass interference materials to achieve high detection sensitivity. In addition, silica NPs have 
been proven to be a biocompatible and versatile substrate for probe immobilization (e.g., 
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DNA oligonucleotides, antibodies, and proteins).69, 82, 95 On the other hand, CPEs, a kind of 
positively charged π-conjugated polyelectrolytes, have emerged as a new generation of signal 
amplifiers, which have been widely used to improve the signal output of dye labeled DNA, 
RNA, and peptide.67, 128, 202, 203 Amplification of signaling emission by excitation of CPE 
relative to direct excitation of the labeling dye originates from the electrondelocalized 
backbones of CPE that allow rapid intrachain and interchain exciton migrations via FRET.57 
The optical properties of CPEs and fluorescent dyes are not interfered by silica NPs, which 
make the integration of silica NPs and CPE suitable for sensitive detection of proteins in 
mixed samples and biological media. Noteworthy is that the target discrimination in our 
method could be easily realized by the naked eye with the assistance of a portable UV lamp. 
6.2 Experiment Section 
Chemicals. Tetraethyl orthosilicate (TEOS, Fluka), APTES (Aldrich), 
2,4,6-trichloro-1,3,5-triazine (Alfa Aesar), ammonia solution (SINO Chemical Company), 
boric acid (Fluka), sodium tetraborate decahydrate (Sigma), Tris-HCl buffer (pH=8.0, first 
BASE) and 10×PBS, (pH=7.4, first BASE) were commercial products and used as received 
without further purification. Milli-Q water (18.2 MΩ) was used to prepare all stock solutions 
and buffer solutions used in the assay. Human α-thrombin was ordered from HTI. BSA, 
lysozyme, IgG, and fetal bovine serum were ordered from Sigma (Singapore). The TBAs 
(Sigma) have the following sequences: 5’-amino-T8 AGT CCG TGG TAG GGC AGG TTG 
GGG TGA CT-3’ (primary aptamer: NH2-TBA29), 5’-amino-T8 GGT TGG TGT GGT 
TGG-3’ (primary aptamer: NH2-TBA15), and 5’-Fl-GGT TGG TGT GGT TGG-3’ (secondary 
aptamer: Fl-TBA15). The LBAs (Sigma) have the following sequences: 50-amino-ATCTAC 
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GAA TTC ATC AGG GCT AAA GAG TGC AGA GTT ACT TAG-30 (primary aptamer: 
NH2-LBA) and 5’-Fl-ATC TAC GAA TTC ATC AGG GCT AAA GAG TGC AGA GTT 
ACT TAG-3’ (secondary aptamer: Fl-LBA). PFP-2F with an average molecular weight of 
׽28 000 was synthesized according to the previous report. 
Characterization. The absorbance of aptamers was measured using the UV-vis spectrometer 
(Shimadzu, UV-1700, Japan). PL was recorded on a fluorometer (Perkin-Elmer, LS-55, USA) 
equipped with a xenon lamp excitation source and a Hamamatsu (Japan) 928 PMT, using 90 
degree angle detection for solution samples. The size of silica NPs was determined through a 
field emission scanning electron microscope (FE-SEM JEOLJSM-6700 F) after coating a thin 
Pt layer via a platinum coater. 
Preparation of Primary Aptamer Functionalized Silica NPs. Triazine functionalized silica 
NPs of 100 nm in diameter were prepared as same as described in Charpter 4. After chemical 
modification, the triazine-functionalized silica NPs (8.4 mg) were dispersed in a mixture of 
borate buffer (85 μL, 50.2 mM boric acid, 3.6 mM sodium tetraborate decahydrate, pH 8.5) 
and NaCl (90 μL, 2 M). NH2-TBA15 or NH2-TBA29 or NH2-LBA (25 μL, 100 μM) was 
subsequently added into the NP solution and was incubated at room temperature for 14 h. The 
NP suspension was centrifuged, and the supernatant was collected for UV-vis absorption 
measurement. The TBA-functionalized NPs were washed with borate buffer and Milli-Q 
water, and then dispersed in Milli-Q water for further use. The number of immobilized DNA 
molecules on the silica NPs can be quantitatively calculated from the absorbance difference at 
260 nm between the DNA solution before immobilization and the supernatant after 
immobilization and NP removal. The number of immobilized DNA on each NP was 
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calculated based on the ratio of the total number of immobilized DNA to the total number of 
NPs in solution.  
BSA Blocking of Aptamer Immobilized NPs. The TBA15-NPs or TBA29-NPs (0.5 mg) were 
redispersed in 1× PBS buffer (pH = 7.4, 150 μL). After addition of BSA (8 μL, 100 μM), the 
mixture was incubated and shaken at 37 °C for 30 min. The NP suspension was then 
centrifuged and thoroughly washed with 1× PBS buffer (1 mL, 3 times), and was finally 
resuspended in thrombin reaction buffer (30 mM Tris-HCl, 250 mM NaCl, 8.5 mM KCl, 2 
mM MgCl2, pH=8.2, 150 μL).   
Thrombin Detection Using Aptamer-Immobilized NPs. Human α-thrombins (1 mg/mL) 
with various volumes were added to the TBA15-NPs or TBA29-NPs (0.5 mg) in thrombin 
reaction buffer (150 μL) to yield final thrombin concentrations of 1-100 nM. The resulting 
mixtures were incubated for 30 min at 37 °C. Subsequently, Fl-TBA15 (100 μM) was added 
into thrombin-binding NP suspension and incubated for another 10 min incubation. The NP 
suspensions were then centrifuged and thoroughly washed with thrombin reaction buffer (1 
mL, three times). The collected NPs were redispersed in 15 mM PBS buffer (pH=7.4) for 
fluorescence measurement. The emission spectra were recorded both in the absence of PFP-2F 
via direct excitation of Fl at 490 nm, and in the presence of PFP-2F via excitation of PFP-2F 
at 370 nm. Parallel experiments were conducted using lysozyme (100 nM), IgG (100 nM), 
and BSA (100 nM) as interferences in buffer solution or in 10%fetal bovine serum under the 
same experimental conditions.  
Lysozyme Detection. Lysozyme (3 μM), or a mixture of IgG (3 μM), thrombin (3 μM), and 
BSA (3 μM) were added with LBA-NPs (0.5 mg), respectively, in reaction buffer (20 mM 
Chapter 6. Silica NP-assisted thrombin detection 
96 
 
Tris-HCl, 100 mM NaCl, 5 mMMgCl2, pH=7.4, 150 μL). Incubation was carried out at room 
temperature for 30 min, followed by another 10 min incubation in the presence of Fl-LBA (1 
μM). Post treatment and PL measurement were carried out using the same method described 
for thrombin detection. 
6.3 Results and Discussion 
Sensor design. The schematic presentation of CPE amplified thrombin detection based on 
aptamer-functionalized silica NPs is shown in Scheme 5.1. The primary TBA is covalently 
attached to triazine-functionalized silica NPs, which is followed by bovine serum albumin 
(BSA) blocking on the free sites of NP surface. During the sensing process, the primary TBA 
forms an intermolecular G-quartet and recognizes the active site of thrombin, leading to 
thrombin bound TBA-NPs. The fluorescein (Fl)-labeled secondary TBA is then added to 
associate with the remaining thrombin binding sites to light up the NPs. The signal 
amplification is achieved by addition of positively charged 
poly[9,9’-bis(6”-N,N,N-trimethylammonium)-hexyl]fluorene-co-alt-2,5-difluoro-1,4-phenyle
ne)dibromide] (PFP-2F) to the NP suspension to favor FRET between PFP-2F (energy donor) 
and the Fl (energy acceptor) attached to the NPs. The choice of PFP-2F and Fl was based on 
the good spectral overlap between the PFP-2F emission and the Fl absorption, and well 
balanced molecular-orbital energy levels between them.59 In the absence of thrombin, the 
primary TBA-immobilized NPs cannot capture the Fl-labeled secondary TBA and no polymer 
sensitized Fl emission is observed. Therefore, thrombin detection can be easily realized by 
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Thrombin detection is realized through monitoring the fluorescence of Fl-TBA15 
captured by the NPs. Both primary aptamer-immobilized NPs (180 TBA15-NP and 180 
TBA29-NP, 0.5 mg) were subsequently treated with BSA (5.3 μM), thrombin (100 nM) and 
Fl-TBA15 (1 μM). The Fl-TBA15/thrombin/TBA-NPs were collected and redispersed in 15 
mM PBS buffer for PL measurement. In addition, the fluorescence from the solution 
containing 180 TBA29-NP treated with BSA and Fl-TBA15 in the absence of thrombin was 
used as a reference. As shown in Figure 6.1, obvious Fl signals are observed for both 
solutions upon treatment with thrombin, whereas no Fl signal is generated in the absence of 
thrombin. This indicates that the target induced sandwich structure is formed on both TBA15- 
and TBA29-functionalized NP surfaces. In addition, a more intense Fl signal is observed for 
Fl-TBA15/thrombin/TBA29-NPs as compared to that for Fl-TBA15/thrombin/TBA15-NPs. This 
is due to the fact that when both the capture and signaling TBA15 competitively combine to 
the fibrinogen recognition exosite of thrombin, a low affinity site of thrombin is inevitable left 
for the secondary TBA to bind in order to form the sandwich structure.205 This will generally 
lead to a lower fluorescence signal on the NP surface. These results imply that better sensory 
performance is obtained with the 29-mer TBA as the primary aptamer, also consistent with 
the higher binding affinity of TBA29 compared to that of TBA15 with thrombin.8, 204 As a 
consequence, further investigation of thrombin detection is implemented using 180 TBA29-NP 
as the substrate.  




Figure 6. 1 PL spectra of NP suspension. (a) Fl-TBA15/thrombin/TBA29-NPs; (b) 
Fl-TBA15/thrombin/TBA15-NPs; (c) BSA blocked TBA29-NPs upon incubation with Fl-TBA15 
in the absence of thrombin. Measurement was done in 15 mM PBS buffer upon excitation of 
Fl at 490 nm. 
The concentration of the secondary aptamer Fl-TBA15 is also optimized in order to 
achieve the best sensory performance. The BSA blocked TBA29-NPs (0.5 mg) were incubated 
with thrombin (100 nM) and subsequently incubated with various concentrations of Fl-TBA15. 
The resulting NPs were centrifuged and washed before they were redispersed in 15 mM PBS 
buffer for PL measurement. The Fl emission intensity at 520 nm was monitored upon 
excitation of Fl at 490 nm. A significant increase in Fl intensity was observed when 
[Fl-TBA15] increased from 0.67 μM to 1 μM, which saturated at 1.33 μM. BSA blocked 
TBA29-NPs were also directly incubated with Fl-TBA15 in the absence of thrombin. The 
fluorescence signal in the absence of the thrombin remained low and was independent of the 
[Fl-TBA15] (Figure 6.2). These data illustrate that 1 μM Fl-TBA15 is sufficient for binding 
with thrombin captured by 0.5 mg of TBA29-NPs. Therefore, 1 μM Fl-TBA15 is used for 
thrombin detection.  

























Figure 6. 2 Optimization of the Fl-TBA15 concentration for thrombin detection (white 
histograms) and the non-specific binding in the absence of thrombin (gray histograms). PL 
intensities were collected at 525 nm. Each data point represents the average value of three 
independent experiments with error bars indicated. 
Optimization of polymer. The assay performance in terms of sensitivity and selectivity is 
dependent on both signal amplification and the intrinsic aptamer-protein interaction. The 
donor (PFP-2F)/acceptor (Fl) pair is selected based on a good spectral overlap between 
PFP-2F emission and Fl absorption, as shown in Figure 6.3. PFP-2F has an emission 
maximum at 420 nm, while Fl has an absorption maximum at 488 nm. In addition, the HOMO 
and LUMO energy levels of Fl are almost located within the orbital energy levels of 
PFP-2F,23 which can significantly minimize the energy-wasting photo-induced charge transfer 
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Figure 6. 3 The normalized photoluminescence spectra of (a) 2FB and absorption spectrum of 
(b) fluorescein in 15 mM phosphate buffer (pH = 7.4). 
We further optimized the amount of PFP-2F in order to achieve the highest fluorescence 
intensity for Fl-TBA15 captured NPs. In the presence of thrombin, F1-TBA15 is captured to the 
NP surface due to thrombin/TBA specific interaction. The negatively charged Fl-TBA15 can 
electrostatically associate with PFP-2F to favor FRET. PFP-2F was added dropwise at 1 µL 
interval to the NP suspension and the Fl intensity was monitored upon excitation at 370 nm. 
Figure 6.4a shows that the Fl intensity increases immediately upon addition of PFP-2F, and 
the maximum intensity occurs at [PFP-2F] = 1 µM. The sensitized Fl emission of NP 
suspension is ~13-fold greater than that upon direct excitation of Fl in the absence of PFP-2F, 
which reflects the light-harvesting property of the polymer. On the other hand, no FRET from 
PFP-2F to Fl exists in the absence of thrombin, indicating that there is almost no non-specific 
interaction between Fl-TBA15 and BSA blocked TBA29-NP (Figure 6.4b). These results 
demonstrate the success of assay concept in terms of sandwich structure formation and optical 
signal amplification. Therefore, 1 µM PFP-2F was used for further studies. 
























Figure 6. 4 (a) Optimization of PFP-2F concentration for thrombin detection. PL intensities 
were collected at 525 nm upon excitation of PFP-2F at 370 nm. Each data point represents the 
average value of three independent experiments with error bars indicated. (b) Emission 
spectra for Fl-TBA15/thrombin/TBA29-NP suspension upon direct excitation of Fl at 490 nm 
(circles) and upon excitation of PFP-2F at 370 nm (triangles). The emission spectrum of 
TBA29-NP suspension in the absence of thrombin upon excitation of PFP-2F at 370 nm (cubes) 
is also shown for comparison. The measurements were conducted in 15 mM PBS in the 
absence or presence of PFP-2F (1 µM). 
Performance of CPE-amplified NP-based thrombin detection. According to the optimized 
conditions, the assay selectivity has been studied by incubating BSA blocked 180 TBA29-NP 
(0.5 mg) with different proteins (100 nM), which was followed by the addition of Fl-TBA15 (1 
µM). After the NPs were centrifuged and washed, 1 µM PFP-2F was added and the PL 
spectrum for each redispersed NP solution in 15 mM PBS buffer was recorded. As shown in 
Figure 6.5, only thrombin yields an intense Fl emission signal for NP suspension upon 
excitation of PFP-2F at 370 nm, whereas other proteins (BSA, lysozyme, IgG) give a very low 
Fl signal which is similar to that of the blank solution (TBA29-NPs incubated in the absence of 
protein, Figure 6.4b). Direct target discrimination could also be realized upon excitation of the 
solution with a UV lamp (365 nm). Green fluorescent color is only observed for the NP 
suspension containing thrombin, and the solution fluorescent color for non-specific proteins 
remains blue.  
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To demonstrate the potential application of the NP-based assay for thrombin detection 
in blood serum, fetal bovine serum was used as the media or spiked with thrombin, and then 
diluted 10 times with PBS buffer (10% of serum) for test under the optimized conditions as 
that used for Figure 6.4. As shown in Figure 6.5, the presence of blood serum does not 
produce any extra background signal in solution. In addition, comparable results are obtained 
in buffer and in serum solution, which indicates a weak matrix effect on the NP-based assay. 
These observations confirm the suitability of silica NP-based assay for real-sample detection. 
The excellent sensing selectivity could be attributed to its solid-state detection platform, 
which simply eliminates non-specific adsorption through centrifugation-washing-redispersing 
circles. 
 
Figure 6. 5 Investigation of NP-based assay selectivity. 180 TBA29-NPs was incubated in the 
presence of different proteins (100 nM each) in buffer solution or in 10% serum. PL 
intensities of each NP suspension were collected at 525 nm upon excitation of PFP-2F at 370 
nm. Each data point represents the average value of three independent experiments with error 
bars indicated. Inset shows NP suspension upon illumination with a UV lamp (365 nm). 
To study the assay sensitivity, BSA blocked 180 TBA29-NPs (0.5 mg) were incubated 
with various concentrations of thrombin, which was followed by the addition of 1 µM 
Fl-TBA15 and incubation for 10 minutes. After NP centrifugation and washing, PFP-2F (1 µM) 
was added into the NP suspension before PL measurement. The calibration curve for thrombin 
Chapter 6. Silica NP-assisted thrombin detection 
104 
 
quantification has been depicted in Figure 6.6 by plotting the polymer sensitized Fl emission 
intensity at 525 nM against thrombin concentration. The PL intensity of the NP suspension 
increases progressively with the increased thrombin concentration and saturates at [thrombin] 
= 40 nM. A very large signal magnitude (i.e., S/N, defined as the ratio of fluorescence 
intensity in the presence of thrombin to that in the absence of any target) of ~20 is displayed 
for the NP-based sandwich assay. The limit of detection is estimated to be 1.06 nM (based on 
Equation 2.1 from three independent measurements). As compared to the performance of 
several prevalent thrombin sensors (Table 6.1), our detection sensitivity is prominent high for 
fluorescence method, although it is still lower than that for some electrochemical methods. In 
addition, our method is also one of the few that can allow thrombin detection in protein 
mixtures and in serum. The following factors are mainly contributed to the good assay 
performance: 1) The sandwich assay based on silica NP platform maintains direct 
aptamer/target binding rather than aptamer/oligo competitor dehybridization. 2) 
Aptamer-immobilized NPs allow the analyte to be “extracted” from protein mixtures through 
centrifugation and washing. 3) The introduction of energy donor PFP-2F provides good signal 
amplification, resulting in improved detection sensitivity and reduced detection errors, as 
compared to those for regular NP based assays. 




Figure 6. 6 Plots of the fluorescence intensity of NP suspension as a function of thrombin 
concentration ranging from 0 to 100 nM. Inset shows the enlarged curve in the low thrombin 
concentration range. Each data point represents the average value of three independent 
experiments with error bars indicated. 
 
Table 6. 1 Summary of aptamer-based thrombin sensors. 
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Note. FDNA: fluorescein labeled DNA; QDNA: quencher labeled DNA; EB: ethanol bromide; MI: 
3-methyl-isoxanthopterin; MB: methylene blue. 
Generality of CPE-amplified NP assay. To further demonstrate that the CPE amplified NP 
assay could be generally used for other protein detection. Lysozyme, a ubiquitous protein 
serving as “body’s own antibiotic”, is chosen in virtue of the sandwich formation in the 
presence of two equal lysozyme-binding aptamers (LBA).206, 207 The primary aptamer was first 
first immobilized on NP surface with ∼150 LBA on each NP. The aptamer tethered NPs were 
used to trap lysozyme and the sandwich formation was achieved upon the cascade capture of the 
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the secondary Fl-labeled LBA. Following the same experimental condition as that used for 
thrombin detection, after incubation and washing steps, the lysozyme treated NP solutions were 
were used for fluorescence measurement. As shown in Figure 6.7, upon excitation at 370 nm, 
two emission bands are observed for lysozyme treated NPs in the presence of PFP-2F, which 
indicate that efficient FRET takes place between the polymer and Fl due to 
lysozyme-mediated sandwich structure formation. On the contrary, the NPs treated with the 
mixture of IgG, thrombin and BSA do not generate any fluorescence emission of Fl, which is 
consistent with the fact that foreign proteins could not induce the sandwich formation. This 
indicates that the developed method could be generally used to detect other proteins which 
contain two or more exosites for aptamer binding, such as PDGF-BB and MPT64 protein.208, 
209 For proteins only could interact with one aptamer due to the limited exosite, it is also 
possible to use an antibody as the second ‘‘aptamer’’.210 
 
Figure 6. 7 The emission spectra for solutions containing LBA-NP (0.5 mg) upon incubation 
with (a) a protein mixture (IgG, BSA and thrombin, each is 3 µM), (b) 3 µM lysozyme, and 
followed by Fl-LBA (1 µM) binding. Measurement was done in 15 mM PBS buffer upon 
excitation of PFP-2F at 370 nm. 
6.4 Conclusion 
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In summary, we have developed a silica NP-based sandwich assay generally suitable for 
protein detection in biological media and protein mixtures, using thrombin and lysozyme as 
an example. In the presence of the target protein, fluorescein-labeled secondary TBA is 
assembled on the primary TBA-immobilized silica NPs, leading to fluorescent NPs that could 
be further brightened upon energy transfer from a cationic conjugated polymer to fluorescein. 
The assay operation conditions are optimized through selection of the primary aptamer, 
optimization of the signaling aptamer and donor concentrations. Under optimized conditions, 
a thrombin detection limit of 1.06 nM is achieved due to the introduction of signal amplifier 
CPE, which shows preeminent high sensitivity in fluorescence based thrombin assays. The 
target recognition could also be visualized with the assistance of a portable UV lamp, where 
the solution in the presence of target protein emits distinguishable green color.  





LABEL-FREE NAKED-EYE DETECTION OF LYSOZYME 
WITH CP STAINING SIGNAL USING 
APTAMER-FUNCTIONALIZED SILICA NPS 
 
7.1 Introduction 
Protein detection and quantification are of vital importance in both basic discovery research 
and clinical diagnosis. Immunoassays are conventional methods for protein detection, which 
rely on specific antibody-antigen recognition. ELISA is the most widely used immunoassay in 
clinics and fields, which requires antibodies to be immobilized on the substrate to capture 
antigens and the secondary antibodies.22 The enzyme, such as horseradish peroxidase, 
attached to the secondary antibodies is used to catalyze the oxidation of a substrate, thereby 
chemically amplifying the concentration of the reporter molecule.211 Despite its high 
sensitivity, ELISA requires tedious protein modification, and is limited by the availability of 
commercial antibodies. Although alternative assays have been developed for protein detection 
using aptamers as the recognition elements, most of these assays require the modification of 
aptamers with fluorescent dyes or other reporter groups, which are of high cost and are likely 
to impair their original affinity and specificity toward target proteins.32, 108 
In recent years, CPEs have been widely used for homogeneous protein detection based 
on their photophysical property change upon interaction with proteins.212-214 The initial study 
was focused on protein induced CPE fluorescence quenching via electron transfer or 
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aggregation mechanisms, allowing protein discrimination according to the pattern of 
Stern-Volmer quenching constants.74, 81, 137, 139, 215 Meanwhile, the conformational change of 
polythiophene derivatives was also used to monitor and image different proteins. The minor 
perturbation of polythiophene backbones could give rise to alternations of their electronic 
structures and optical properties, which produces detectable signals in color or fluorescence 
change.77, 216 For these two methods, the signal transducer and reporter are based on the same 
CPE, which generally does not allow homogeneous protein detection in mixtures or in 
biological media. Subsequently, aptamers have been used as the special recognition element in 
conjunction with CPEs to achieve improved detection selectivity. Recently, CPE-base protein 
detection relying on FRET has been reported.78, 79 This detection strategy circumvents the 
disadvantage of nonspecific interaction between CPEs and proteins by transforming the direct 
fluorescence change of CPEs to FRET from CPEs to a dye labeled probe upon specific 
probe-protein recognition. However, the assay sensitivity could be greatly affected by the 
foreign proteins in biological media, which influences the FRET between CPE and dye. As a 
consequence, real-sample detection (i.e. target detection in mixed protein samples and/or in 
biological media) remains a challenge for CPEs based assays.  
One solution to this problem is the heterogeneous assays, which operate on NPs or 
solid-state substrates to facilitate target capture from mixtures or biological media. Silica 
NP-based biosensors are one of most efficient and robust heterogeneous assays up to date. 
This could be attributed to their flexible surface modification, chemical inert nature, easy 
separation and low cost. The chemical modification on silica surface (e.g., cyanuric chloride, 
aldehyde and NHS ester) favors the grafting of DNA as bioprobes for capturing target analytes. 
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Meanwhile, the high density of silica (1.96 g/cm3) facilitates easy separation process of silica 
NPs via centrifugation-washing-redispersing circles, which could eliminate non-specific 
absorption and retain target binding to promote trace detection of target in mix and biological 
samples. In addition, silica NPs of 100 nm in diameter are transparent in dilute solutions, and 
their optical properties do not interference with those of fluorescent dyes as well as 
conjugated polymers, which make them an ideal substrate for fluorescent biosensors.  
We herein report a CPE based label-free protein detection strategy using 
highly-fluorescent anionic poly(fluorene-alt-vinylene) (PFVSO3) as the signal reporter and 
aptamer-functionalized silica NPs as the reconition element and separation medium. 
Lysozyme is selected as the model protein to demonstrate the polymer stain based label-free 
detection strategy. Lysozyme is a ubiquitous protein serving as “body’s own antibiotic” by 
cleaving acetyl groups in the polysaccharide walls of many bacteria. Therefore, the lysozyme 
level in blood is regarded as the clinical index for many diseases such as HIV, myeloid 
leukemia, etc.206, 207 Although quite a few strategies have been reported for lysozyme detection, 
very few allow label-free and visible detection and quantification of lysozyme in 
real-time.217-220 
7.2 Experimental section 
Materials.  
All chemical reagents were purchased from Aldrich Chemical Co. and were used as received. 
Poly[9,9-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)fluorenevinylene-alt-9,9-bis(4-sulfonatobut
yl)fluorenevinylene sodium salt] (PFVSO3) was synthesized in our group by other colleague. 
Anti-lysozyme aptamer (5’-NH2-ATC TAC GAA TTC ATC AGG GCT AAA GAG TGC AGA 
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GTT ACT TAG) was ordered by Sigma-Genosys. It has a sequence of. Hen egg white 
lysozyme, BSA and human trypsin were ordered from Sigma-Aldrich. Human α-thrombin was 
ordered from HTI.  
Instrument. The NMR spectra were collected on a Bruker ACF400 (400 MHz). The 
absorption spectra of aptamer and lysozyme were measured using UV-vis spectrometer 
(Shimadzu, UV-1700, Japan). The photoluminescence spectra were recorded on a fluorometer 
(Perkin-Elmer, LS-55, USA) equipped with a xenon lamp excitation source and a Hamamatsu 
(Japan) 928 PMT, using 90 degree angle detection for solution samples. The size of silica NPs 
was calculated using a field emission scanning electron microscope (FE-SEM 
JEOLJSM-6700 F) after coating a thin Pt layer via a platinum coater. The zeta potential of the 
NPs was measured using a zeta-potential analyzer (ZetaPlus, Brookhaven Instruments 
Corporation) at room temperature. 
Preparation of Anti-lysozyme Aptamer Immobilized Silica NPs. Silica NPs of 100 nm in 
diameter were prepared and subsequently modified according to the method described in 
Chapter 4.27 After chemical modification, the triazine-functionalized silica NPs (1 mg) were 
dispersed in immobilization buffer (20.1 mM boric acid, 1.4 mM sodium tetraborate 
decahydrate, 1.2 M NaCl pH 8.5, 25 μL). Various aliquots of NH2-aptamer solution (100 μM) 
from 0.5 μL to 9 μL was subsequently added into the NP solution and incubated at room 
temperature for 14 h. The NP suspension was centrifuged, and the supernatant was collected 
for UV-vis absorption measurement. The aptamer-immobilized NPs were washed with 
immobilization buffer. The number of immobilized aptamer molecules on the silica NPs can 
be quantitatively calculated from the absorbance difference at 260 nm between the aptamer 
Chapter 7. Silica NP-assisted naked-eye lysozyme detection 
113 
 
solution before immobilization and the supernatant after immobilization and NP removal. The 
number of immobilized DNA on each NP was calculated based on the ratio of the total 
number of immobilized DNA to the total number of NPs in solution. The Apt-NPs (1 mg) 
were redispersed in blocking buffer (4 M ethanolamine, 20 mM Tris-HCl, 100 mM NaCl, 5 
mM MgCl2, pH = 8.5, 200 μL) and reacted for 1 h at room temperature. The NP suspension 
was then centrifuged and thoroughly washed with washing buffer (20 mM Tris-HCl, 100 mM 
NaCl, 5 mM MgCl2, pH = 8.5). 
Lysozyme Detection Using Blocked Apt-NPs. Lysozyme (1.5 mg/mL) with various volumes 
were added to the Apt-NPs (0.2 mg) in lysozyme reaction buffer (20 mM Tris-HCl, 100 mM 
NaCl, 5 mM MgCl2, pH = 8.5, 100 μL) to yield the final lysozyme concentrations from 0 to 
37.5 μg/mL. The resulting mixtures were incubated for 30 min at room temperature. Free 
lysozyme was removed and NPs were thoroughly washed with washing buffer three times. 
The lysozyme associated NPs were redispersed in MilliQ water (100 μL), followed by the 
addition of PFVSO3 (100 μM, 1 μL) and the mixture was incubated for 5 min. Excess 
PFVSO3 were washed away by three-time centrifugation-washing-redispersion process with 
washing buffer (100 mL, 3 times). The collected NPs were redispersed in 15 mM PBS buffer 
(pH = 7.4) for fluorescence measurement. Parallel experiments were conducted using a 
mixture of BSA (20 μg/mL), thrombin (20 μg/mL) and trypsin (20 μg/mL) under the same 
experimental procedure. 
7.3 Results and Discussion 
Assay Mechanism. As illustrated in Scheme 7.1, one starts with 100 nm silica NPs in 
solution. Immobilization of NPs with negatively charged anti-lysozyme aptamers yield 
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Apt-NPs with designable surface density, which is followed by treatment with ethanolamine 
to generate blocked Apt-NPs. As lysozyme has an isoelectric point (pI) of ~11.0, it is 
positively charged at neutral pH. Upon incubation with lysozyme, the blocked Apt-NPs 
undergo a change in surface charge from negative to partially positive due to the recognition 
binding between the aptamer on NP surface and lysozyme. In the last step, addition of anionic 
PFVSO3 to the solution yields PFVSO3/lysozyme/Apt complexes on NP surface, giving rise to 
fluorescent NPs after separating excess PFVSO3 via centrifugation/redispersion NP washing 
process. On the contrary, since no recognition takes place between the aptamer and 
non-specific proteins, the surface charge on Apt-NPs remains negative. PFVSO3 is thus 
repelled from negatively charged NPs and the Apt-NPs is non-fluorescent. As such, label-free 
lysozyme detection can be realized by taking advantage of recognition-induced switching of 
surface charge of silica NP and the subsequent polymeric stain process.  
 
Scheme 7. 1 Schematic Illustration of Label-Free Lysozyme Detection with 
Aptamer-Immobilized Silica NP and CPE. 
Optical property of PFVSO3. Water-solubility of CPEs is a prerequisite for interaction with 
biological substrates in the process of detection, which is achieved through introduction of 
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charged hydrophilic functionalities to side chains. Good water-solubility minimizes polymer 
inter-chain aggregation, which could lead to high polymer fluorescence in aqueous 
solution.221, 222 In addition; good water-solubility of the polymer could also prevent 
non-specific interaction between the polymer and the silica NP, which rescues the assay from 
an unpleasant high background. We are particularly interested in anionic conjugated polymers 
with ethylene oxide side chain and sulfonate terminal groups, as these functional groups have 
been demonstrated to show high hydrophilicity.223-225 Based on the fact that human eyes are 
most sensitive to green color,226 a specially designed anionic polymer (PFVSO3) with 
intensive greenish emission is first reported and utilized in sensitive naked eye detection. The 
number average molecular weight of PFVSO3 is around 15, 000. The water-solubility limit of 
PFVSO3 is ~20 mg/mL at 24 ºC.  
The UV-vis absorption and PL spectra of PFVSO3 in water are depicted in Figure 7.1. 
The polymer concentration based on repeat unit ([RU]) is 4 μM. PFVSO3 has an absorption 
maximum at 428 nm and a shoulder peak at 455 nm, while its emission maximum is at 475 
nm. The blue-greenish emission of PFVSO3 is attributed to the introduction of C=C bond to 
the polymer backbone, which elongates effective conjugated length relative to that of 
polyfluorene. The PL quantum yield of PFVSO3 in water is 0.56, measured using quinine 
sulfate in 0.1 M H2SO4 (quantum yield = 0.55) as reference. The high water-solubility 
provided by sulfonate terminal groups and ethylene oxide side chains is responsible for the 
high quantum yield of PFVSO3 in aqueous solution.227  




Figure 7. 1 UV-vis absorption and PL spectra of PFVSO3 in water at [RU] = 4 μM (excitation 
at 428 nm). 
Preparation of Aptamer-Functionalized Silica NP. For heterogeneous assays, the kinetic 
and thermodynamic binding process of the analyte could be significantly influenced by probe 
densities on the solid support.228, 229 Previous studies have shown that aptamer-target binding 
could be prohibited by densely packed aptamers on gold rod electrodes due to 
cross-hybridization of individual aptamer sequences.229 In this regard, different concentrations 
of aptamers ranging from 2 μM to 36 μM were incubated with silica NPs (1 mg) to prepare 
Apt-NPs with different aptamer densities on NP surface. The total number of immobilized 
aptamer molecules was calculated according to the absorbance difference between the 
aptamer solution before incubation and the supernatant solution after incubation and NP 
removal. The surface density, expressed as “number of aptamer per NP”, was determined by 
the ratio of total number of immobilized aptamers to total number of silica NPs in solution. In 
our experiments, the surface density was calculated to be in a range of 30 Apt/NP to 510 
Apt/NP. To prevent non-specific absorption of protein on NPs, ethanolamine was used to 
block the free triazine sites on the NP surface after aptamer immobilization.230 
Optimization of Assay. Aptamer-functionalized NPs (2 mg) with different probe densities 
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were incubated with the same concentration of lysozyme (20 μg/mL), followed by NP 
washing. The lysozyme binding aptamer-NPs (lysozyme/Apt-NPs)were subsequently treated 
with 10 μM PFVSO3 based on repeat unit (RU) for 5 min, which was followed by washing 
step to remove excess polymers. The PL intensity of the final NP suspension was plotted as a 
function of aptamer surface density and the results are shown in Figure 7.2. The PL intensity 
significantly decreases with the increased surface density, which could be ascribed to 
insufficient binding of lysozyme to aptamer at elevated surface density.231 At a low surface 
density, aptamers are supposed to have more space which favors their G-quartet folding 
structure for lysozyme binding; however, in the case of high surface density, 
steric/conformational effects may emerge to hamper the specific binding between lysozyme 
and the aptamer. To further confirm this hypothesis, we measured UV absorption of 
supernatants at 280 nm taken after incubation of different surface density Apt-NPs with same 
concentration of lysozyme. As shown in figure 7.2, the percentage of unbound lysozyme 
increases in case of Apt-NPs possessing high surface density, which verifies more lysozyme 
molecules trend to associate with lower surface density Apt-NPs. Therefore, the optimum 
surface density was determined to be ~60 aptamer per NP (60 Apt-NP), where the large 
magnitude in PL intensity is beneficial to effective lysozyme quantification.  
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Figure 7. 2 Fluorescent signal (red triangle) and percentage of unbound lysozyme (blue 
triangle) as a function of surface density of aptamers on silica NP surface. NPs with different 
surface density of aptamers were incubated with 20 μg/mL of lysozyme and stained with 10 
μM PFVSO3. The PL intensities were collected at 475 nm upon excitation the polymer at 428 
nm in 15 mM PBS. UV absorptions of supernatants were measured at 280 nm. 
To understand the surface charge change upon aptamer/lysozyme/PFVSO3 interaction, 
the zeta-potentials of 60 Apt-NP, lysozyme/Apt-NPs (2 mg of 60 Apt-NP upon incubation 
with 20 µg/mL of lysozyme, followed by washing with washing buffer and redispersion), and 
PFVSO3/lysozyme/Apt-NP (the obtained lysozyme/Apt-NPs upon further treatment with 1 
µM PFVSO3 followed by washing with water and redispersion) were measured. 60 Apt-NP 
possess a negative zeta-potential value of -39 mV due to the large amount of negatively 
charged aptamers on NP surface. The capture of lysozyme shifts the zeta potential from -39 to 
-15 mV due to the presence of positively charged lysozyme molecules on NP surface. Further 
staining these NPs with PFVSO3 process results in an increase in zeta-potential from -15 to 
-36 mV, this is due to self assembly between PFVSO3 and lysozyme on NPs. These data 
confirm that the NP surface charge changes in the recognition event, which plays a vital role 
in lysozyme detection. 
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Lysozyme Detection. The assay selectivity was examined in the presence of three typical 
interference proteins, which are bovine serum albumin (BSA), human thrombin and trypsin. 
BSA, human thrombin and trypsin have pI values of 4.7, 7.0-7.6 and 10.5, respectively, with 
net negative, neutral and positive charges on the protein surface at experimental conditions. 
The 60 Apt-NP (0.2 mg) was incubated with lysozyme (20 μg/mL) as well as a mixture of 
interference proteins (20 μg/mL BSA, 20 μg/mL thrombin and 20 μg/mL trypsin) in (20 mM 
Tris-HCl, 100 mM NaCl, 5 mM MgCl2, pH = 8.5, 100 μL), followed by polymer staining 
([RU] = 1 μM) for 5 min and NP washing with washing buffer (20 mM Tris-HCl, 100 mM 
NaCl, 5 mM MgCl2, pH = 8.5). The PL spectra of the redispersed NPs were recorded and 
shown in Figure 3. Intense polymer emission at 475 nm is only witnessed in the presence of 
lysozyme due to the recognition-induced switching of lysozyme/Apt-NP charge, followed by 
PFVSO3 adhesion due to electrostatic interaction. No polymer fluorescence was observed in 
the presence of interference proteins. Different from aptamer-lysozyme specific interaction, 
electrostatic interaction between foreign proteins (e.g. positively charged trypsin) and 
aptamers do not induce non-specific absorption of proteins towards Apt-NPs by virtue of 
successful ethanolamine blocking and the effectiveness of NP washing. As such, PFVSO3 
hardly stains with negatively charged Apt-NPs due to electrostatic repulsion in our 
experimental condition, and NPs remain non-fluorescent. In addition, the fluorescent signal of 
NPs for 60 Apt-NPs upon incubation with the mixture of lysozyme and interference proteins 
(20 μg/mL for each) and washing is shown in curve c of Figure 7.3. The polymer signal 
obtained from lysozyme in protein mixtures is almost the same as that from the pure lysozyme. 
The specific recognition of lysozyme in protein mixtures not only indicates the effectiveness 
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of aptamer-protein binding, but also highlights the intelligent target capture and interference 
isolation of the silica NP sensing platform.  
 
Figure 7. 3 PL spectra of polymer-stained NPs. The Apt-NPs were incubated with a) 20 μg/mL 
lysozyme; b) a mixture of 20 μg/mL BSA, thrombin and trypsin; c) a mixture of a) and b) and 
subsequently stained with 1 μM PFVSO3. The measurements were done in 15 mM PBS at 
pH=7.4 (excitation at 428 nm). 
To demonstrate lysozyme quantification, different concentrations of lysozyme (ranging 
from 0 to 37.5 μg/mL) were incubated with 60 Apt-NP suspension and incubated for 30 min. 
The lysozyme/Apt-NPs were then stained with 1 μM PFVSO3 for 5 min, followed by washing. 
The PL spectra of polymer-stained NPs are shown in Figure 7.4a. The PL intensities of the 
NPs progressively grow with increased lysozyme concentrations. This is due to the more 
excess positive charges on Apt-NP surface upon incubation of higher lysozyme concentrations, 
which enable increased number of negatively charged PFVSO3 to be absorbed on the silica NP. 
In addition, the fluorescence of NP suspension upon treatment of lysozyme and subsequent 
PFVSO3 stain could be monitored by naked-eye as shown in Figure 7.4b. The blue-greenish 
fluorescence of PFVSO3 gradually enhances with the increased concentrations of lysozyme, 
which allows clear naked-eye discrimination of lysozyme with a limit of detection (LOD) as 
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low as 1.5 μg/mL (10 pmol).  
 
Figure 7. 4 (a) PL spectra of polymer-stained NPs with a series concentration of lysozyme 
incubation in 15 mM PBS at pH = 7.4 (excitation at 428 nm). (b) Photographs under UV lamp 
(365 nm) of NP suspension after incubation with a series concentration of lysozyme and 
polymer staining. 
The calibration curve of lysozyme is plotted in Figure 7.5. The PL intensity of NP 
suspension increases linearly with the increase of incubated lysozyme concentration and 
finally saturates at lysozyme concentration of ~22.5 μg/mL. The LOD is estimated to be 0.36 
μg/mL (2.4 pmol, based on Equation 2.1) using a standard fluorometer, which is more 
sensitive to that of aptamer-based electrochemical217, 219, 220 and fluorescent array79 and is 
similar to that obtained from a standard of ELISA232. However, the strategy of using Apt-NP 
as a platform for lysozyme detection reduces the bonding affinity (Kd) of the aptamer to its 
Chapter 7. Silica NP-assisted naked-eye lysozyme detection 
122 
 
target. The apparent Kd in our assay is ∼ 9 μg/mL (~625 nM), which is estimated from the 
lysozyme concentration that induces half-maximum signal in Figure 5. Similar to that of 
aptamer-immobilized gold assays, this Kd value is 20-fold larger compared to that in solution 
(31 nM).231, 233 The large Kd on NP surface is detrimental to assay sensitivity, which is 
originated from two resources: (1) the steric hindrance induced by the folded aptamer upon 
binding to lysozyme prevents the adjacent aptamers from folding into G-quartet structure; (2) 
the binding of lysozyme on Apt-NP surface hampers subsequent aptamer/lysozyme binding 
due to electrostatic repulsion.  
 
Figure 7. 5 Calibration curves for lysozyme detection. The maximum emission of polymer at 
475 nm was plotted vs. different concentrations of lysozyme ranging from 0 to 37.5 μg/mL. 
Each data point represents the average value of six independent experiments with error bars 
indicated. 
7.4 Conclusion 
In summary, we developed a label-free naked-eye lysozyme detection method using anionic 
conjugated polymer as “a polymeric stain” to transduce signal and aptamer-functionalized 
silica NPs as the recognition element to capture target. Aptamer-functionalized silica NPs 
provide an ideal platform for selective capturing of lysozyme and effective isolation of 
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interference protein via centrifugation-washing-redispersing circles, leading to lysozyme 
detection in mixed sample. The presence of lysozyme switches the surface charges of 
aptamer-NP from negative to positive, giving rise to polymer stain on lysozyme-binding NP 
and consequently the blue-greenish fluorescence. Moreover, the linear intensity increase of 
polymer emission as a function of lysozyme concentration allows us to accurately quantify 
lysozyme in the concentration range of 0 to 22.5 μM with the limit of detection ~0.36 μg/mL. 
The high quantum yield and good water-solubility of PFVSO3 also lead to naked-eye 
lysozyme detection with picomole sensitivity. This study offers new opportunities to improve 
the performance of CPE-based assays by combination of nanotechnology.





CONCLUSION AND PERSPECTIVE 
 
The overall objective of this research study was to develop a new family of silica NP-based 
fluorescent biosensors with high sensitivity and selectivity. In view of this, a series of 
probe-functionalized silica NPs have been specially designed for the detection of different 
biomolecules, such as small molecules (ATP), antigen (IgG) and proteins (thrombin, 
lyzosyme). These fluorescent sensors present good assay performance, which is realized using 
CPEs as signal transducers in virtue of their unique optical properties. 
Firstly, signal amplification of CPEs has been demonstrated and utilized in ATP 
detection together with the usage of label-free DNA aptamr and intercalator dye (EB). A 
28-fold signal amplification was achieved upon excitation of energy donor cationic TF 
compared to that of direct excitation intercalated EB. With the aid of aptamer-ATP specific 
interaction, the sensitized EB emission thus provided a 10-fold increase in detection limit 
(~20 µM) and a 2-fold increase in detection selectivity as compared to that using EB alone as 
the signal reporter. On the other hand, superquenching property of CPEs has been studied and 
thus a fluorescence “turn-on” assay for monitoring protease activity has been developed by 
taking advantage of superquenching/dequenching property of CPEs. The fluorescence of 
PFP-CO2Na was significantly quenched by cyto c with Ksv calculated to be ~1.32 × 107 M-1. 
By measuring its different fluorescence response toward cyto c and the fragments of cyto c 
upon trypsin digestion, the initial reaction rates and the specificity constant kcat/Km (5350 
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M-1s-1) for trypsin-catalyzed hydrolysis were derived. In general, the collective response of 
CPEs presents great fluorescence change upon external minor perturbation, which provides 
versatile possibility for the construction of fluorescent biosensors with signal amplification 
and high assay performance.  
Secondly, a generalized synthesis and surface modification method of silica NPs has 
been developed for biosensor fabrication. Silica NPs of 100 nm in diameter were synthesized 
by a modified Stöbe method and the consequent surface modification was realized via 
cyanuric chemistry for different probe immobilization with tunable surface densities. In 
general, the strategy of covalent modification is preferred to physical adsorption, since the 
covalently bound probes can sustain stringent washing steps. This surface modification 
method provides a versatile and convenient way for subsequent immobilization of probes, and 
significantly increases loading efficiency of probes; this in turn lowers the cost in the process 
of biosensor fabrication. 
Thirdly, a small molecule detection system was developed using aptamer-functionalized 
silica NPs as the sensory platform for ATP detection in aqueous media. ATP induced 
structural switch led to the release of the hybridized aptamer, giving rise to highly fluorescent 
supernatant. Therefore, ATP discriminated from other NTPs and ATP quantification was 
realized by monitoring the structure-switching-induced fluorescence change of the supernatant. 
The detection limit was estimated to be ~ 34 μM, which was comparable to other 
aptamer-based fluorescent detection methods requiring multiple labels. The high sensitivity of 
this assay is due to controllable modification of bioprobes on the surface of silica NPs and 
easy separation method via centrifugation-wash-redispersion circle. The current ATP 
Chapter 8. Conclusion and perspective 
126 
 
detection method avoids complex sensor design and multiple fluorophore labels, and could be 
generally applicable to other aptamers and targets of interest. 
Fourthly, a fluoroimmunoassay using antibody immobilized silica NPs as the sensory 
platform for IgG detection and quantification was demonstrated. The anti-goat IgG-NPs was 
readily prepared by conjugation of anti-goat IgG onto triazine functionalized silica NPs. To 
minimize cross-reaction and nonspecific absorption of interference proteins with anti-goat 
IgG-NPs, the free triazine groups on the NP surface were blocked by casein. Goat IgG has a 
high affinity to anti-goat IgG-NP, and the formed antibody-antigen can further capture the 
dye-labeled secondary antibody (anti-goat IgG-Cy3) to form a sandwich structure. Thus, the 
presence of target protein generated fluorescent NPs, whereas the NPs remained 
non-fluorescent upon the incubation with foreign proteins. The fluorescence of NPs was 
further amplified by the addition of cationic conjugated polymer PFP-2FB, and in turn 
increased signal-to-noise ratio (~17). The detection limit of IgG was estimated to be 1.1 
ng/mL upon excitation of PFP-2FB, which is comparable or even better than other NP-based 
fluoroimmunoassays containing multiple dye molecules. Two main reasons support the high 
assay performance of the fluoroimmunoassay: (1) NP platform provides efficient target 
capture and thorough interference isolation by easy centrifugation/washing steps, which result 
in a high signal for IgG with a low background signal. (2) The polymer offers signal 
amplification and eliminates cross-talking fluorescence, providing an opportunity to minimize 
the experimental errors and to improve the assay sensitivity. 
Next, an aptamer-functionalized silica NP assay was designed to detect thrombin in 
serum by taking advantage of specific aptamer-protein interaction. Assay operation conditions 
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were optimized through selection of the primary aptamer, optimization of the signaling 
aptamer, and donor concentrations. The presence of thrombin induced the primary 
aptamer-functionalized NPs to form a sandwich structure with fluorescein-labeled secondary 
aptamer. The NP suspension presented green emission in the presence of thrombin and blue 
emission in the presence of other proteins upon the addition of amplifier PFP-2F. Under 
optimized conditions, the detection limit was estimated to be ~1.06 nmol/L, which is 
prominently high for the fluorescence method, although it is still lower than that of some 
electrochemical methods. Using lysozyme as a second example, the NP-based detection 
strategy is shown to be generic and could be readily applicable to the detection of other 
proteins in practical samples. 
Finally, a CPE stain method that is exclusively label-free for protein detection and 
quantification in mixed sample was investigated using a highly-fluorescent PFVSO3 in 
association with aptamer-functionalized silica NPs. Lysozyme was captured by 
aptamer-functionalized silica NPs, resulting in an alternation of the surface charge from 
negative to partially positive. The binding event was then translated and monitored by the 
fluorescence signal of a highly fluorescent anionic PFVSO3, which “stained” on 
protein/aptamer-NP complexes via electrostatic interaction. Surface density of anti-lysozyme 
aptamer was optimized through monitor fluorescence intensity with various aptamer 
concentrations. Blue-greenish fluorescence of PFVSO3 is observed in the presence of 
lysozyme by the naked eye, while no fluorescence is obtained for NPs upon treatment with a 
mixture of foreign proteins. A detection limit and a naked-eye distinguishable concentration 
were estimated ~0.36 μg/mL and 3 μg/mL, respectively. One major advantage of the current 
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assay is that both fluorescent labels and chemical modifications of probes as well as targets 
are no longer required, thus it significantly simplifies the structure of biosensor and increases 
the efficiency of biosensor. 
Being an exploratory study, this research work has some limitations that may hamper 
high assay performance achieved by using silica NP-based biosensors. 
• It should be pointed out that the bioprobes on NP surface are less flexible as compared 
to those in homogeneous solution. This should impair the interaction between probes 
and target in the recognition events. In addition, the binding constants and kinetic data 
on the NP surface are also different from those calculated for homogeneous assays, 
which is discussed in detail in Chapter 4 and Chapter 7. 
• Non-specific adhesion between conjugated polyelectrolytes and silica NPs or bioprobes 
could significantly increase background signals; this in turn decreases assay detection 
limit. 
• One conjugated polyelectrolyte could be unique for one commercial fluorescent dye in 
the process of signal amplification; this increases laboratory work on polymer synthesis 
and FRET optimization in each special case. 
• Although silica NPs serving as sensory platform demonstrated good assay performance 
towards versatile targets, the operation method is relative time-consuming as compared 
to those assay performed in solution. The separation and washing process often need 
long time due to the centrifugation and the subsequent redispersion of NPs.  
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Based on the experimental results obtained, discussion presented and conclusion drawn 
from this research work, some factors need to be considered for further investigation in sensor 
design, fabrication and operation.  
• From the recognition perspective, the probe length and density on NP surface should be 
optimized to avoid probe entanglement or blocking of probe binding site. In some cases, 
the addition of impendent extra thymine (dT) would be helpful to maintain probe 
flexibility and activity in the process of target recognition. The consideration on relative 
size of probe and target on NP surface should also be taken, since the comparable sizes 
are preferred for recognition binding, and thus the design and tailor of probe is 
necessary.  
• From the signal perspective, a more intense detection signal could be realized by 
balancing the optical properties of donors (CPEs) and acceptors (fluorescence dyes) 
according to the Förster equation. The fluorescence intensity and amplification 
capability are sensitive to external environment. In addition, well-matched energy levels 
between the donor-acceptor pairs and other factors, such as solvent, pH value, ionic 
strength, and surfactant, should also be considered in order to obtain the best assay 
sensitivity. The nonspecific adhersion of CPEs and proteins is still an unaddressed issue, 
thus the assay design and operation should carefully take account of the factors to 
reduce and eliminate nonspecific absorption, such as solvent chosen and salt 
concentration evaluation. 
• The demand of real sample detection is considerably crucial in both basic research and 
clinic diagnosis. Therefore, silica NP-based biosensors for target detection in blood, 
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urine, or saliva may be highlighted and investigated in the near further. In addition, 
recovery tests could be performed under investigated conditions. 
• To further simplify NP-based biosensors and finally push it into commercial market, 
assay operation time should be shortened and compatibility of biosensors needs to be 
realized. Recently, paper represents a great supporting material for developing 
biosensing devices for many demonstrated or envisioned advantages. The use of paper 
strip topped probe-functionlized NPs could serve as a combined substrate for target 
detection in solution, which is supposed to not only free of NP centrifugation but also 
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